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PREFACE TO THE SIXTH EDITION 


A thorough revision of this work has been made to bring it into accord 
with more recent practice. Advantage is taken of this opportunity to 
» changes in matter and in arrangement, which it is believed will make 
.,. useful as a text book. While the subject matter has been consid- 
erably increased and many new illustrations have been added, the size of 
» volume has been slightly decreased through the use of narrower page 
reine and a reduction in the size of the simpler cuts. As in the previ- 
editions, no attempt is made to treat of other than American practice. 


G. F. GEBHARDT. 
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CHAPTER I 
’ ELEMENTARY STEAM POWER PLANTS 


re 


i. General. — By far the greater part of the mechanical and electrical 
Pr energy generated for industrial purposes is furnished by the steam power 
ae q at plant. Despite the rapid progress of the internal combustion engine 
: i ; and the intensive development of water power, the steam power plant 
| , will leads the field in output and will probably continue to do so for years 
7? to come. 

The primary object of a power plant is to furnish energy in the desired 
form, at the point of utilization, at the lowest ultimate cost. The hydro- 
electric plant requires no fuel in the accepted sense of the term, and the 
Diesel engine requires less fuel than any other type of prime mover for a 
wiven output, so that at first glance it would appear that either of these 
two would supersede the steam plant, with its extravagant waste of 
fuel; but the cost of fuel is only one of the many items of expense enter- 
ing into the ultimate cost of power. Besides, with few exceptions, our 
lurge water falls are remote from industrial centers, and the Diesel engine 
\» practically restricted to the use of liquid fuel. Furthermore, the first 
vont of the hydro-electric plant is usually far above that of a steam-electric 
plant of equivalent capacity and it is not feasible to transmit the energy 
beyond a certain limited zone. The Diesel engine has not been con- 
sidered in this country for large central stations, partly because of the 
eomparatively low capacity of the largest units so far designed (12000 
iv. hp.). The multiplicity of such units required to meet the demands 
»{ our large stations would be objectionable because of space require- 
ents, high first cost, and cost of attendance; but for stations under 
A000 kw. rated capacity, the Diesel engine may offer many operating 
advantages and economies. Because of its exceptionally high thermal 
olliviency there is a marked tendency toward the increased use of the 
Diexel engine, not only in the small plants but also in plants of consider- 
able total capacity, consisting of units of relatively large size. The — 
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modern steam-turbine plant is comparatively low in first cost; enormous 
capacities may be generated in a small space; labor and attendance may 
be reduced to a minimum; and the plant may be located near the point 


of power utilization. The low heat efficiency factor of the steam-turbine 


may be more than offset. by these advantages. However, each type of 
prime mover has a field in which it is superior to the others; but all the 
factors entering into the problem must be fully considered before an 
intelligent choice can be made. 

Steam power plants may be grouped into two general classes, com- 
monly designated as isolated stations and central stations. A plant de- 
signed to furnish power or heat to a single building isan isolated station, 
but the term is frequently applied to a plant serving a group of buildings. 
A plant which distributes power or heat to a number of consumers, more 
or less distant, is called a central station. When the distances are very 
great, electrical current of high tension is employed, and is transformed, 
converted, and distributed at convenient points, through sub-stations. 

Steam power plants are also classified as condensing and non-con- 
densing, according to the disposition of the exhaust steam. If the ex- 
haust is condensed for the purpose of reducing the back pressure, the 
plant is said to be operating condensing. If the exhaust is discharged 
at or near atmospheric pressure, the plant is said to be operating non- 
condensing, even if the vapor is ultimately condensed in a feedwater 
heater or in the coils of a heating system. When the exhaust steam may 
be used for process ‘work, heating, or other useful purposes, as is fre- 
quently the case in various manufacturing establishments and in certain 
classes of office buildings, hotels, and the like, it is usually more economical 
to run non-condensing; but where power alone is desired or where only a 
small part of the exhaust can be utilized, the plant is generally operated 
condensing. Under certain conditions where varying quantities of exhaust 
steam are necessary for heating or other purposes, and at the same time 
considerable power is to be generated, the plant is operated condensing 
but means are provided for extracting a part of the steam from the engine 
or turbine in its passage to the condenser. 

2. Elementary Non-condensing Plant. — Figure 1 gives a diagrammatic 
outline of the essential elements of the simplest form of steam power 
plant. The equipment is complete in every respect and embodies all the 
accessories necessary for successful operation. Where a small amount 
of power is desired at intermittent periods, as in hoisting systems, 
threshing outfits, and traction machinery, the arrangement is substan- 
tially as illustrated. The output in these cases seldom exceeds 50 hp., 

the time of operation is usually short; therefore the cheapest of ap- 
ise avo installed, simplicity and low first cowt being more important 
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than economy of fuel. Such a plant has three essential elements: (1) the 
furnace, (2) the boiler, and (3) the engine. Fuel is fed into the ‘furnace 
where it is burned. <A portion of the heat liberated from the fuel Wy 
combustion is absorbed by the water in the boiler, converting it into 
steam under pressure. The steam, being admitted to the cylinder of the 
engine, does work upon the piston and is then exhausted through a suit- 





Fia. 1. Elementary Non-condensing Plant. 


ie pay evi atmosphere. The process is a continuous one, fuel and 
phe ed into the furnace and the boiler in proportion to the power 
In such an elementary plant, certain accessories are necessary for 
niccessf ul operation. The grate for supporting the fuel during combustion 
consists of a cast-iron grid or of a number of cast-iron bars spaced in such 
® manner as to permit the passage of air through the fuel from below 
ho solid waste products fall through or are “ sliced ” through the aie 
burs into the ashpit, from which they may be removed through dhe) ash 
we The latter acts also as @ means of regulating the supply of air 
wlow the grate. Fuel is fed into the furnace through the fire door, and 
when occasion demands, air may be supplied above the bed of fuel b 

means of this door, The combustion chamber is the space between the 
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bed of fuel and the boiler heating surface, its office being to afford a space 
for the oxidation of the combustible gases from the solid fuel before they 
are cooled below ignition temperature by the comparatively cool surfaces 
of the boiler, The chimney, or stack, discharges the products of com- 
bustion into the atmosphere and serves to create the draft necessary to 
draw the air through the bed of fuel. Various forced-draft appliances 
are sometimes used to assist or to entirely replace the chimney. The 
heating surface is that portion of the boiler area which comes into con- 
tact with the hot furnace gases, absorbs the heat, and transmits it to the 
water. In the small plant illustrated in Fig. 1, the major portion of the 
heating surface is composed of a number of fire tubes below the water 
line, through which the heated gases pass. The superheating surface 
is that portion of the heating surface which is in contact with the heated 
gases of combustion on one side and steam on the other. The volume 
above the water level is called the steam space. Water is forced into the 
boilers either by a feed pump or an injector. In small plants of the type 
considered, steam pumps are seldom employed; the injector answers 
the purpose and is considerably cheaper. A safety valve connected to 
the steam space of the boiler automatically permits steam to escape to 
the atmosphere if an excessive pressure is reached. The water level is 
indicated by try cocks or by a gage glass, the top of which is connected 
with the steam space and the bottom with the water space. Try cocks 
are small valves placed in the water column or boiler shell, one at normal 
water level, one above it, and one below. By opening the valves from 
time to time, the water level is approximately ascertained. They are 
ordinarily used in ease of accident to the gage glass. Fusible plugs are 
frequently inserted in the boiler shell at the lowest permissible water 
level. They are composed of an alloy which has a low fusing point and 
therefore melts when in contact with steam, thus giving warning by the 
blast of the escaping steam if the water level gets dangerously low. The 
blow off cock is a valve fitted to the lowest part of the boiler, to drain it of 
water or to discharge the sediment which deposits in the bottom. The 
steam outlet of a boiler is usually called the steam nozzle. 

The essential accessories of the simple steam engine include: a throttle 
valve for controlling the supply of steam to the engine; the governor, 
which regulates the speed of the engine by governing the steam supply; 
the lubricator, which is usually of the “ sight-feed ” class, is attached to 
the steam pipe, and provides for lubrication of piston and valve, Lubri- 
cation of the various bearings is effected by oil cups suitably located. 
Drips are placed wherever a water pocket is apt to form, in order that 
the condensation may be drained. The apparatus to be driven by the 
engine may be direct connected to the crank shaft or belted to the fly- 
wheel or geared, 
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In small plants of this type, no attempt is made to utilize the exhaust 
steam, except in instances where the stack is too short to create the neces- 
nary draft, in which case the exhaust may be discharged up the stack 
If the draft is produced by convection of the heated gases in the chimne . 
the fuel is said to be burned under natural draft; if the natural draft is 
waisted by the exhaust steam, the fuel is said to be burned under mechan- 
ical draft. The power realized from a given weight of fuel is very low 
and seldom exceeds 25 per cent of the heat value of the fuel. The dis- 
\ribution of the various losses in a plant of, say, 40 hp. is a i | 

i follows: P ae ee 


Heat value of 1 Ib. of coal Btu. 
Boiler and furnace losses, 50 per cent.............. 5.500 
Heat equivalent of 1 fp. chi Am ae REAR Sate 





Tet RUROINI RELAIS Snack teat Vee tor eis 2,547 
hr. ‘ .-hr., 
gage, feedwater 67 deg. fahr............... ex S| és ; zs ee 57,500 
Sy watts saa ; 
Per Cent 
Percentage of heat of i 2,547 

g eat of the steam realized as work, 57,500" 4.4 

Percentage of heat value of the coal realized — 2,547 
zed as work, 57,500 = 0.50 °*** 2.2 


In Europe, small non-condensing plants are developed to a high degree 
ol efficiency. Through the use of highly superheated steam and specially 
(lesigned engines. and boilers, plants of this type as small as 40 hp. are 
operated with overall efficiencies of from 10 to 12 per cent, and a 120-h 
nit has been credited with an efficiency of 15 per cent. % 

I'he power plant of the modern locomotive is very much like that 
lustrated in Fig. 1, the main difference lying in the type of boiler and 
Onine. The entire exhaust from the engine is discharged up the stack 
through a suitable nozzle, since the extreme rate of combustion requires 
i intense draft. The engine is a highly efficient one compared with 


that / in the illustration, and the performance of the boiler is more eco- 
nhomical. In average locomotive practice, about 5 per cent of the heat 
value of the fuel is converted into mechanical energy at the draw bar. 


In general, & non-condensing steam plant in which the heat of the ex- 
hwust is wasted is very uneconomical of fuel, even under the most favor- 
allo conditions, and seldom transforms as much as 7 per cent of the heat 
value of the fuel into mechanical energy. : 
Steam turbines are not much in evidence in small non-condensin. 
plants, because their use results in no particular saving in first cost 4 
tondance, maintenance, or space requirements, and the steam consumption 
per unit output is higher, 


Beat modern practice gives about 8 por cent as a maximum. 
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3. Non-condensing Plant—Exhaust Steam Heating. — Figure 2 gives 
a diagrammatic arrangement of a simple non-condensing plant, differing 
from Fig. 1 in that the exhaust is used for heating purposes. This shows 


Fic. 2. Elementary Non-condensing Plant with Heating System (Reciprocating Engine). 


the essential elements and accessories but omits a number of small valves, 
by-passes, drains, and the like, for the sake of simplicity. The plant is 

uumed to be of sufficient size to warrant the installation of efficient 
»pliances, Steam is led from the boiler to the engine by the steam 
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main. The moisture, if any, is removed from the steam before it enters 
the cylinder by a steam separator. The moisture drained from the 
separator is either discharged to waste or returned to the boiler. The 
exhaust steam from the engine is discharged into the exhaust main, where 
it mingles with the steam exhausted from the steam pumps. Since the 
exhaust from engines and pumps contains a large portion of the cylinder 
oil that has been introduced into the live steam for lubricating purposes, 
it passes through an oil separator before entering the heating system. 
Alter leaving the oil separator, the exhaust steam is diverted into two 
paths, part of it entering the feedwater heater where it condenses and gives 
\ip heat to the feedwater, and the remainder flowing to the heating system. 
_ }uring warm weather the engine generally exhausts more steam than is 

necessary for heating purposes, in which case the surplus steam is auto- 
_ atically discharged to the exhaust head through the back-pressure 

valve. The back-pressure valve is virtually a large, weighted check 

valve which remains closed when the pressure in the heating system is 
-  hwlow a certain prescribed amount, but which opens automatically when 
thw pressure is greater than this amount. During cold weather it often 
lwppens that the engine exhaust is not sufficient to supply the heating 























syetom, the radiators condensing the steam more rapidly than it can be 
wipplied. In this case live steam from the boiler is automatically fed 
into the main heating supply pipe through the reducing valve. 

he condensed steam and the entrained air which is always present 
#6 \utomatically discharged from the radiators, by a thermostatic valve, 
into the returns header. The thermostatic valve is so constructed that 
who in contact with the comparatively cool water of condensation it re- 
walie open and when in contact with steam it closes. The vacuum 

pump, or vapor pump, exhausts the condensed steam and air from the 


returns header and discharges them to the returns tank. The small 
pipe, 8, admits cold water to the vacuum pump, and serves to condense 
the lwoated vapor and at the same time to supply the necessary makeup 
Water to the system. The returns tank is open to the atmosphere, so 
‘ vit (ho alr discharged from the vacuum pump may escape. From the 
mine tank the condensed steam gravitates to the feedwater heater 
Where ite temperature is raised to practically that of the exhaust steam, 
‘Wo foodwater gravitates to the feed pump and is forced into the boiler. 
wre ave several systems of exhaust steam heating in current practice. 
»y differ considerably in details; but, in a broad sense, are similar to 
oe just deseribed. The more important of these will be described 
on, 
wing the summer months when the heating system is shut down, the 
aporates ae a simple non-condensing station, and practically all of 
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the exhaust steam, amounting to perhaps 80 per cent of the heat value 
of the fuel, is wasted. The total coal consumption; therefore, is charged — ] 
against the power developed. During the winter months, however, all, | 
or nearly all, of the exhaust steam may be used for heating purposes, and ~ 
the power becomes a relatively small percentage of the total fuel energy ; 
utilized. The percentage of heat value of the fuel chargeable to power 
depends upon the size of the plant, the number and character of engines _ 
and boilers, and the conditions of operation. It ranges anywhere from 
50 to 100 per cent for the summer months, and may run as low as 6 per 
cent for the winter months. This is on the assumption, of course, that 
the engine is debited only with the difference between the coal -necessary 
to produce the heat entering the cylinder and that utilized in the heating 
system. 

Steam turbines are frequently installed in place of piston engines. The 
general arrangement of the plant is the same with either type of prime 
mover, except that no oil separator is necessary for the turbine plant. 

4. Elementary Condensing Plant. — Under ordinary favorable condi- 
tions, a non-condensing plant cannot be expected to realize more than 
7 per cent of the heat value of the fuel as power. In large condensing 
power stations, the demand for exhaust steam is usually limited to the 
heating of the feedwater, and as only 12 or 15 per cent can be utilized i 
this manner, the greater portion of the heat in the exhaust is lost. No 
condensing engines using saturated steam require from 20 to 60 lb. o 
steam per hour for each hp. developed. On the other hand, in condensi 
engines, the steam comsumption may be reduced to as low as 10 pound 
per hp.-hr. The saving of fuel is at once apparent. 

Figure 3 gives a diagrammatic arrangement of a simple coal-burnin 
piston-engine condensing plant in which the back pressure on the engit 
is reduced by condensing the exhaust steam. A different type of boil 
from that in Fig. 1 or Fig. 2 has been selected, for the purpose of bringit 
out a few of the characteristic elements. The products of combustio 
instead of passing directly through fire tubes to the stack, as in Fig. 
are deflected back and forth across a number of water tubes, by t 
bridgewall and a series of baffles. After imparting the greater part 
their heat to the heating surface, the products of combustion escape to 
chimney through the breeching, or flue. The rate of flow is regulated) 
a damper placed in the breeching, as indicated. ed 

The steam generated in the boiler is led to the engine through 
main header. The steam is exhausted into a condenser, in which |i 
latent heat is absorbed by injection or cooling water, ‘The process 
denwes the steam and creates a partial vacuum, ‘The condensed st hn 
injection water, and the air which is invariably present are withdr 
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Fic. 3. Elementary Condensing Plant (Reciprocating Engine). 
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by an air pump and discharged to the hotwell. In case the vacuum 
should fail, as by stoppage of the air pump, the exhaust steam would be 
automatically discharged to the exhaust head by the atmospheric relief 
valve, and the engine would operate non-condensing. The atmospheri¢ 
relief valve is a large check valve which is held closed by atmospheric 
pressure as long as there is a vacuum in the condenser. When the vacu m 
fails, the pressure of the exhaust becomes greater than that of the atmos 
phere and the valve opens. 

The feedwater may be taken from the hotwell or from any other source 
of supply, and forced into the heater. In this particular case, it 1s taker 
from a cold supply, and upon entering the heater is heated by the exhaus 
steam from the air and feed pumps. From the heater it gravitates to the 
feed pump and is forced into the boiler. Various other combinations (0) 
heaters, pumps, and condensers are necessary in many cases, depend ng 
upon the conditions of operation. Feed pumps, air pumps, and in fa 
all small engines used in connection with a steam power plant are usuall ) 
called auxiliaries. tee 

A well-designed station similar to the one illustrated in Fig. 3, whe 
operating under favorable load conditions, is capable of converting abou! 
10 per cent of the heat value of the fuel into electrical energy. 142 
heat distribution under average conditions is approximately as follows: 


BOILER LOSSES 


. Per Cent 
Loss due to fuel falling through the grate. ....-----+++++++0+ 4 
Loss due to incomplete combustion. ....----.++++sssrrertett 2 
Loss to heat carried away in chimney gaseS ....---+-+-++++++° 16 
Radiation and other losses... ...---+s+eeerreeresersseetttt 8 
Titel.  WPMMMG cles a stot ats Wise rotaly fo ol Seam woo Bayo e eke olor 30 
B.t.u 
Heat used by engines and auxiliaries (16 Ib. of steam per i.hp.-hr., 
pressure 150 Ib. abs., feedwater 210 deg. fahr.......---++-+ 16,250 
Engine and generator friction, 10 per cent. .....---eee eres 1,625 
Leakage, radiation, ete., 2 per cent. ...-.--- sere rr teres ar 325 
MOSMAN, oin:. so COMPRIS se oie 0 abe orere or Rr eee 10 oI a 18,200 
Heat equivalent of one electrical hp.-hr......-.+--2e++ec2 e+ 2,547 B.t.u. 
Percentage of the heat value of the steam converted into elec- é 
Wetoal GNORZy,... --- cabrio! f+ ain cas ons shelb oils seem a? 14.0 (Approx, 
Percentage of heat value of fuel converted into electrical energy 
2547 X 0.7 9.8. 


18,200 


In Europe, comparatively small piston-engine plants, operating wi ) 
initial pressure of 500 Ib. per sq. in. absolute, initial temperatures of 80K 
. fabr,, and vacua of | in, absolute, have shown overall efficiene 
‘tho most economical load, of 20 per cent; and there are a number 

















ELEMENTARY STEAM POWER PLANTS 11 


piston-engine central stations in the United States, operating with moderate 
pressures and superheat, which have realized overall efficiencies of 16 per 
cent for a short period of time; but, taking into consideration variation 
in load and all standby losses, efficiencies over 12 per cent are exceptional. 
These values refer only to the simple condensing plant without economizers, 
preheaters or heat-saving appliances other than the customary exhaust 
steam feedwater heaters. 

Figure 4 gives a diagrammatic arrangement of one section of a large 
bulk coal-burning turbo-alternator central station without equipment for 
reclaiming waste heat. Each section is, to all intents and purposes, an 
independent plant., It will be noted that the essential elements are 
practically the same as in the reciprocating station engine plant, Fig. 3, 
differing only in size and design. 

The power house, coal storage pile, storage and switch tracks, over- 
head bunkers, and coal and ash conveyors have been omitted for the sake 
of simplicity, though the fuel supply and distributing system is an im- 
portant factor in the design and operation of the plant. Assuming the 
coal bunkers over the boilers to be supplied with fuel, the operation is as 
follows: Coal descends by gravity to the stokers, which, in this par- 
ticular case, are of the underfeed, sloping fire-bed type. Ash and clinkers 
are removed by clinker grinders located in a pit, and are discharged into 
the ash hopper. Steam- or motor-driven blowers supply the air required 
for combustion. 

The boilers are much larger individually and fewer in number than in 
the old-style reciprocating-engine plant, and generate steam at 250 to 
850 lb. pressure, superheated to approximately 700 deg. fahr. When 
operating the turbines at full load, the boilers are driven at 175 to 200 
per cent or more of their commercial rating. Reserve or spare boilers 
are reduced to a minimum. When a boiler is cut out for repairs, the 
rout of the battery is operated at from 225 to 350 per cent rating or more, 
in order to evaporate the required amount of water. Each battery is 
designed to furnish steam directly to one particular turbine, but by means 
of a crossover main the steam from any battery of boilers may flow to 
any turbine, 

‘ho prime movers are horizontal steam turbines direct connected to 
allernators. The bearings are oil-cooled, and lubrication is automatically 
wffected by means of a pump connected to the governor shaft. Hach 
wenorator is normally excited by the main exciter mounted on an ex- 
lonaion of the generator shaft. The generator field may also be excited 
from an independently driven exciter or from the station storage battery. 
Alv, washed and conditioned if necessary, is drawn into the generator by 
eontrifugal fans mounted on the rotor, and absorbs the electrical heat 
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Fic. 4. Elementary Turbo-alternator Station. 
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lonses. ‘The efficiency of the generator is very high (96 per cent), and yet, 


because of the great amount of energy transformed in the generator, this 
4 per cent loss represents a large amount of heat and forced ventilation 
is necessary to prevent overheating. 

‘The condenser is ordinarily of the surface-condensing type and is at- 
tached directly below the low-pressure end of the turbine. A much 
\\igher vacuum is maintained in the condensers than in reciprocating- 
Meine practice, since the turbine gives its best efficiency at low back 
jremsures. Condensing water is circulated through the tubes of the con- 
tener by motor-driven or steam-driven centrifugal pumps, and the con- 
tlenned steam or condensate collected in the hotwells is withdrawn by 




























thle vapors are removed by a dry air pump, steam or electrically driven. 
Holary air pumps, turbo-air pumps and steam ejectors are also used for 
tiie purpose. The hotwell pump discharges the condensate into a feed- 
Water heater, which receives the steam exhausted from the steam-driven 
Misiliavies. The steam-turbine or motor-driven centrifugal boiler feed 

tip takes its supply from the feedwater heater and delivers it to the 

iller, 

A wation similar to the one illustrated in Fig. 4, equipped with 20,000- 
bw. \nits, is capable of converting over 18 per cent of the heat value of 


4 fel into electrical energy when operating at its most economical load. 
wler commercial conditions of operation, with its attendant standby 
Hermann, the average overall efficiency ranges from 12 to 16 per cent. 

1 industrial plants where steam is used for heating or manufacturing 


fpones, or for both, and where the proportionate demand for: low- 
ure steam and power would make a straight non-condensing turbine 


wnomical, it is common practice to install a bleeder turbine. This 
ig) in a form of condensing turbine from which steam may be extracted 
# the dosired pressure, either automatically or by manual control. It 
Wy be designed for partial or 100 per cent extraction, depending upon the 


‘jrewsure steam and the electrical load requirements. In the large, 
for power house using electrically driven auxiliaries, the turbines 
we of the bleeder type, steam being extracted for feedwater heating from 
iwany as four different pressure stages. In certain classes of manu- 
ving plants where there is an excess of exhaust steam from various 
titling devices, the mixed-pressure turbine lias been found to give 
| yowulta, As the name implies, mixed-pressure turbines are designed 
f) on both high-pressure and low-pressure steam at the same time, 
all the lowepressure steam available and sufficient supplementary 
ure steam to carry the load. When there is sufficient low-p 
seam to carry the load, no high-pressure steam is used; and oe 


, 


. 


# turbine-driven or motor-driven hotwell pump. Air and non-conden- e 


hd. 
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14 
versa, where there is no low-pressure steam available, the turbine functions 
as a high-pressure machine. Low-pressure turbines are operated by 


. exhaust steam only and are installed where there is an ample supply of 
; low-pressure steam to carry the loads at. all times. In a number of large 
central stations, current for the electrically driven auxiliaries and other 


house service is furnished by a house turbine. The exhaust from this 


a | 
ee turbine (at about 1 Ib. gage pressure) is used to heat the feedwater for the 


entire plant. 
The house turbine may 
driven auxiliaries, (2) wh 


be used (1) in conjunction with other steam- 
en all the auxiliaries are driven by the house 


~ 
a turbine with an emergency supply available from the main units, and (3) 
a where current for part of the auxiliary power is furnished by the main 
: units. In the latter case, part of the steam for feed heating is bled from 
the main unit. 

9 


5. Condensing Plant with Equipment for Reclaiming «s Waste Heat. 
When fuel is costly, it becomes necessary, for the sake of economy, to re- 
duce the heat wastes as much as possible. The chimney gases, which in 
average practice are discharged at a temperature between 450 and 550 
deg. fahr., represent a loss of 20 to 30 per cent of the total value of the fuel. 
If part of the heat could be reclaimed without’ impairing the draft, the 
gain would be directly pro 


portional to the reduction in temperature of 
the gases. Again, in some types of condensers, 


all of the steam exhausted 
by the engine is condensed by the circulating water and discharged to 
waste. If provision coul 


d be made for utilizing part of the exhaust steam 
for feedwater heating, the efficiency of the pl 


ant could be correspondingly 
increased. In many cases the cost of install 


ing such heat-saving devices 
would more than offset the gain effected, but occasions arise where they 
give marked economy. 

Figure 5 gives a diagrammatic arrangement of a coal-burning, piston- 
engine, condensing plant in which a number of devices for reclaiming 
« waste heat ’’ are installed. The plant is assumed to consist of a number 
of engines, boilers, and auxiliaries. Coal is automatically transferred 
from the cars to coal hoppers placed above the boiler, by 4 suitable con- 
| veying system, ‘These hoppers store the coal in sufficient quantities to 

for some time. From the hoppers 


keep the boiler in continuous operation 
ittently to the stoker by means of a down spout. 



















. the coal is fed interm 
| Tho stoker feeds the furnace in proportion to the power 


tically rejects the ash and refuse to the ashpit. 
from the ashpit when occasion demands, and is tr 


awh hopper or dumped directly into cars. 


ee 





demanded and 
The refuse is 
ansferred to a 


vets of combustion are discharged to the stack through the 
broeehing. Within the flue is placed a feedwater heater called an 
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soonomizer, the function of which is to absorb part of the heat from th 
enon their way tothe chimney. The heat reclaimed by the economi . 
rion widely with the conditions of operation and ranges between si i 
) per cont, Since the economizer acts as a resistance to the pa 
products of combustion, it is sometimes necessary to sit the 


and 


a 


yd 
if. Pra a 
_ See od 
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16 
either by increasing the height of the chimney, or, as is the usual practice, 
by using a mechanical draft system. 

Part of the heat of the exhaust steam is reclaimed by a vacuum heater 
which is placed in the exhaust line between engine and condenser. For 
example, if the feedwater has a normal temperature of 60 deg. fahr. and 
the vacuum in the condenser is 26 in., the vacuum heater will raise the 
temperature of the feed to, say, 120 deg. fahr., thereby effecting a gain in 
heat of approximately 6 per cent. If the feed supply is taken from the 
hotwell, the vacuum heater is without purpose, as the temperature of the 

otwell will not be far from 120 deg. fahr. 

Referring to the diagram, the path of the steam is as follows: From 
the boiler it flows through the boiler lead to the main header or equalizing 
pipe. From the main header it flows through the engine lead to the 
high-pressure cylinder. The exhaust steam discharges from the low- 
pressure cylinder through the vacuum heater and into the condenser. 
Part of the exhaust steam is condensed in the vacuum heater and gives 
up its latent heat to the feedwater. The remainder is condensed by the 
circulating water, which is forced into the condenser chamber by the 
circulating pump. The condensed steam and circulating water gravitate 
through the tail pipe to the hotwell. The air which enters the condenser, 
either as leakage or as entrainment, is withdrawn by the air pump. The 
steam exhausted by the feed pump, stoker engine, and other steam- 
driven auxiliaries is usually discharged into the atmospheric heater, 
which still further heats the feedwater. 

Referring to the feedwater, the heat exchange is as follows: The feed 
pump draws in cold water at a temperature, say, of 60 deg. fahr., and forces 
it in turn through the vacuum heater, the atmospheric heater, and the 
economizer, into the boiler. The vacuum heater raises the temperature 
of the water from 60 deg. fahr. to somewhat less than that of the exhaust 
steam, or, say, 110 deg. fahr. for average piston-engine practice. The 
rise in temperature in the atmospheric heater depends upon the amount 
of auxiliary exhaust available. This ranges anywhere from 8 to 15 per 
cont of the engine steam requirements for all steam-driven auxiliaries, to 
5 per cont or less for combination motor- and steam-driven auxiliaries. 
Tn case the auxiliaries are all motor-driven, it is customary to preheat 
the feedwater either with live steam or with steam bled from the receiver 
between the high- and low-pressure cylinders, because the introduction 

cold water into the economizer causes excessive external corrosion of 
latter, When the exhaust from the auxiliaries is in excess of that 
to hoat the water in the atmospheric heater to 212 deg. fahr., it 
more economical to drive part of the auxiliaries electrically or 
efficent stoam engines. ‘The rise in temperature in the econo- 
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csaad bys ony — the conditions of operation, but is roughly 0.5 

‘g. r. for each degree drop in flue gas te ' 

wlaimed by this series of heater e ping Re 

s ranges anywhere from 15 t 

of the total heat delivered to th i prior oc 
a j e engine. If the condenser is of the 

; ’ - “a ay’ ~~ e discharge water is suitable for boiler feed, the caoelle 
sate without purpose, because the t 

will be practically that of bahaniet steam. ascanbinitlnniby wire 

gl —_ — in a well-designed piston-engine station, equipped 
}) vacuum heater, atmospheric heater and economizer me fe 

wader favorable conditions, is substantially as follows: parte i> 


Lb. per 
L.Hp--Hr. 
Main id 











Steam supplied to engine, initi i 
gine, initial press ssp!) 
100 deg. fahr., vacuum 26-in. . is ee ms ie ney Cees 
\nadpegdaard ion a a erat oe 2 12.50 
Per Cent of 
Main Engine 
(Lhp Basis) 
Real deh ed 5 : 
Induced draft fans............ 2.0 
Weed PUMPS Sse nee eed ese 1.5 
Circulating pumps............ 2.0 
Ale DUMPO i) s).)6 oi5 Voie les 1.0 
Miscellaneous ~ ‘1. 
Deed Paty k Lal oo Pe We 9.00. 
Ng sk ere 1.125 
I{ngine and generator friction ..7.0 
loukage, blow-off, etc......... 1.5 
Radiation and other heat losses 0.5 9.00 
otal steam required per electrical hp.-hr.. . . dill : ea rere 
Hloat above 60 deg. fahr. required ery 
. fabr. to 
14,75 (1252 — (60 — 2). ew: ¥ we —— 
float returned by vacuum heater, 14.75 (110-60) i 737 ee 
Ileal returned by atmospheric heater, 14.75 (195-1 10) 1254 
Leper by economizer heater, 14.75 (300-195) 1549 3 
‘otal heat to be furnished by steam per electrical hp.-hr.. . .. sia 
Hw cont of heat of the steam realized as power 100 ee ir 5 
| lapis ; 
oy atin and economizer efficiency, per cent 76 
wv cont of heat of fuel i i trical Malas: 
soe arte fics ap init to furnish one electrical hp.-hr. 
See: peepee ok 13.3 


Iw Wurope, small condensi i 
ing piston-engine plants, of the 1 i 
, operating on substantially the same .principles ion the ie tll pi 


, but with very high pressures and superheats, have shown mall 


(coal pile to switchboard) of 22 per cent at the most econo 
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load, and 18 per cent under regular operating conditions; but these 
results are exceptional. It is quite possible to realize such efficiencies 
in specially designed piston-engine central stations; but with the present 
price of fuel, the fixed and operating costs would more than offset the 

dern steam- 


thermal gain. Piston engines are not in evidence in large, Mo! 
electric central stations, chiefly on account of their enormous bulk, high 
first cost, and relatively poor economy. For the smaller central stations, 
the piston engine, tive com- 


particularly of the uniflow type, is still an ac 
petitor with ot 


her sources of power. 
Figure 6 gives @ diagrammatic layout of a modern steam-turbine plant 
designed along the general lines of 1 of the Waukegan Plant of 


Unit No. 
the Public Service Company of Northern Illinois. In order to avoid 
confusion in the drawing, the coal- and ash-handling equipment has 
been partly omitted and the feedwater heating system has been reduced 
to its simplest elements. Coal is delivered in railroa 


d cars to the station, 
where it may be unloaded either to storage or to track hopper. Although 
provision has been made in the Waukegan station for the future installa- 
tion of a car dumper and a storage and reclaiming bridge, with belt con- 
veyors to tarry the coal to and from storage, the present arrangement is 

i he coal on a track scale and dump it into the track hopper, 
from which it is carried by & single 36-inch belt conveyor to the breaker 
puilding, 200 ft. distant. At the preaker building, miscellaneous foreign 
material is separated out and the coal is proken to the correct size for the 
stokers. From the breaker the coal is delivered to & system of 29-in. 
belt conveyors, working in a long overhead runway, which feeds it into — 
cross conveyors. The latter distribute the coal uniformly into the over- 
head bins. From these bins the coal gravitates through down spouts 
to the individual stoker hoppers. “Ash is deposited from the end of the 

grate into & 50-ton ash hopper, from which it is dropped into standard 
railroad cars. 

There are three boilers of the cross-drum type for the 25,000 kw. turbo- 
generator. Bach boiler has its own economizer, preheater, and individual 
induced- and forced-draft fans. Steam is generated at & pressure of 
400 lb, gage and superheated to a final temperature of 700 deg. fahr. The 
atokers are of the forced-draft, traveling-grate type, individually driven 
by a 10-hp. variable-speed alternating-current motor. Air for com- 
bustion is supplied by ® combination of foreed- and induced-draft fans, 

sh boiler having one fan of each type: Each forced-draft fan is driven 

a Thehp, direct eonnected 440-volt variable-speed motor and has & 

im discharge capacity of 60,000 eu. ft, of standard air per min. 
aT ‘a atatio head of 2 in, water pressure, Each induced-draft fan is 
 180-hp, motor and has a capacity of 92,000 cu, ft, per min, at 


é 
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350 deg. fahr. temperature. The air is forced through a preheater and 
its temperature is increased approximately 100 degrees at 200 per cent 
boiler rating. Control of the speed of fans, as well as that of the stokers 
and the position of the wind box and uptake dampers, is by manual 
operation. The induced-draft fans discharge into a single stack, 146 ft. 


in height above the grate and 15 ft. in diameter. 


The prime mover for the unit is a 27,777-kva. single-cylinder, 1800 
r.p.m., three-phase, 60-cycle, 12,000-volt Allis-Chalmers turbo-alternator 
of the bleeder type. Excitation for the generator is supplied by @ 200-kw., 
250-volt generator direct connected to the main generator shaft. For the 
purpose of keeping the generator temperature cown to the value desig- 
nated for continuous rated capacity, an open air circulating system, 
which is capable of handling 75,000 cu. ft. of air per min. is provided. 
The system is equipped with an air washer. 

The condenser is of the surface type and has a cooling surface of 32,000 
sq. ft. Cooling water is furnished by a single centrifugal pump having @ 
capacity of 35,000 gal. per min. The pump is driven by a 300-hp. two- 
speed induction motor having a speed range of 390-435 r.p.m. Con- 
densate is handled by two 2-stage, 600-gal. per min., centrifugal pumps, 
each driven by a 50-hp. constant-speed induction motor. Air and non- 
condensable gases are removed from the condenser by two 2-stage evactor 
steam jets having a capacity of 30 cu. ft. of free air per hour at 1 in. 
absolute. 

Heating of the condensate is as follows: The condensate pump, draw- 
ing from the hotwell of the main condenser, forces the condensate first 
through the after condenser of the steam jet air pumps, then through 
the two extraction heaters in series, to @ 6000-gal. feedwater storage 
tank, forming the suction for the boiler feed pumps. The first extraction 
heater receives steam from the 4-lb. abs. stage of the turbine and the 
second heater from the 18Ib. abs. stage. The boiler feed pump draws 
from the storage tank and forces the water through the economizer into 
the boiler. A third heater, not shown in the illustration, is used for heat- 
ing the makeup water. This heater takes steam from the auxiliaries and 
from the lower-pressure heating system and is equipped with a steam 

ejector and condenser for removing non-condensable vapor. A zeolite 
system, having a capacity of 7500 gal. per hr. is installed for reducing the 
makeup water to zero hardness. The softened water passes through 
the condenser mentioned above into a 10,000-gal. hot-water reservoir 
which also receives the high- and low-pressure drips and drains. Kither 
or both extractor heaters may be by-passed, and the condensate from 
heater No. 1 drains into the condenser hotwell while the condensate from 
heater No, 2 goes to the hot-water reservoir. The feedwater storage 


tank also overflows to the reservoir, 


a 
oh: eee ee 
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a Be necal per min. boiler feed pumps per turbine unit 
eee “ify P-; 2275 r.p.m. steam turbines and the other b i 
i. oe oe .p.m. induction motor. The power required to ena 
Sioa of - 1 at full generator capacity is approximatel 
In some of the “a esi = ] ; 
est large central station i i i 
a, pase: * gage and total steam Aiba sys im 
7 ee ni Se a lb. are in course of onnae 
ast | . In nearly all of the | 
te re mr all motor-driven except icheaiss eclea oa 
Niger os Soar a : Se The duplex drive for certain auxiliaries 
oe ; ith this system the auxiliary is driven by a motor and 
toms at ct a to a common shaft, the motor being used for 
no eer on an the steam turbine for emergency. The electrical 
PR Sno ee erd recovered, in some instances, by using the con 
— cage “4 ing the heat from the generator ventilating air The 
fe 2 Spa erage air pumps, high-pressure gland pene 
a r wrx makeup-water evaporators, drips and Hearthig 
Pw pata y used for heating the condensate or rod water 
Mtn 8 his 4 temperature for the required “ heat balance ” 
a Saati’ eeding the main turbine progressively at one to four 
the fils gases ine ge get sean Pe tca’ toe 
ne e exception i 
2 . Poin been vine stage bleeding render eas Pipe oe 
a ‘ age eeding and high-pressure and temperature st 
a - reheating, which is now being considered for a number of ‘add 
po a economizers are not to be included, and ‘che Sra 
sate rs HED is to be utilized in preheating iis combunian re 
— hie ie i the main turbine unit at one of two stages is ‘ 
a oe e new plants, but no data are available as to savings 
Seal out ination mercury-steam unit of approximately 4000-kw 
one ee a service at the Dutch Point Station of the Hart. 
ond Se he st : ~ this unit, mercury is vaporized in a apielil 
tee. Se of 35-lb. gage and corresponding temperature of 812 
pe ‘wes sel to a 29-in. vacuum in a mercury turbine. The 
neg a : f temperature of 414 deg. fahr., is condensed and its 
mies d me 4 generating steam at about 200-lb. gage ileal 
Competaincia or ete’ the conventional type of steam turbine 
pore Y an efficient steam-turbine plant operating at 200-Ib. 
Lean oo ent tee combination gives about 50 per cent mie 
oe put per b. of fuel. To what extent these refinement: 
93 out without offsetting the heat economy, by tapes ia 
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STEAM POWER?” cost, maintenance, attendance and interruption to service, can be deter- 
mined only by careful analysis of all the factors entering into the problem. 
The use of pulverized fuel, and in certain locations fuel oil, has resulted 
in reduced standby losses and increased overall station economy; but 
this is only another one of the many factors in the problem of economical 
power generation. If the predicted results of some of the latest central 
station projects are realized, a kilowatt-hour may be developed on a 
heat consumption of 12,500 B.t.u., corresponding to an overall efficiency 
of 27.4 per cent, or “a pound of coal per kilowatt-hour.”’ 

The percentage of the heat value of the fuel realized as energy at-the 
point of consumption is considerably less than the overall efficiency from 
“coal-pile to switchboard,” because of the transmission, distribution 
and service losses. These losses vary within wide limits, depending 
upon the size and type of plant, character of equipment, length of trans- 
mission lines, and various other influencing factors. Figure 7 illustrates 
the approximate losses for a large plant such as the Crawford Avenue 
Station of the Commonwealth Edison Company of Chicago. 

6. Superpower Plants. — Any. of our ultra-modern turbo-alternator cen- 
tral stations is in effect a superpower plant, but the word ‘ superpower ” 
in this connection is intended to refer to the large central stations 
comprising a part of a regional system, advocated by Wm. 8S. Murray, 
through which all the large load centers within its boundaries will be 
linked together. This system will include large base-load steam-electric 
plants at tidewater, on inland waters or in the coal-mining territory, as 
conditions may warrant, and hydro-electric developments at potential 
water-power sites. These new base-load plants will be linked together 
with the more efficient existing plants, by means of heavy trunk trans- 
mission lines capable of carrying sufficient power to permit each power 
plant to be operated in the manner necessary to get the greatest resultant 
economy for the entire region. This system calls for the ultimate elec- 
(vification of the railroads and the supplying of electrical energy for all 
industrial and domestic requirements within the prescribed zone. ‘That 
large savings will accrue from the regional power system is evidenced by 
the savings already effected through the extension of our modern central - 
atations. The whole question of superpower, however, despite its great 
possibilities for good, is not one of engineering but rather of finance, and 
the reader is referred to the accompanying bibliography for extended 
atudy. 
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The Performance and Cost of the Superpower System: Power, Nov. 8, 1921, p. 725. 
Keonomies to be Expected of Superstation: Power, June 1, 1920, p. 879. 
Superpower Transmission: Jour. A.1.E.E., Feb,, 1924, p. 3. 
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EXERCISES 
1. Makea diagrammatic outline of a simple panteoagar : Ppa om 

all the essential elements entering aad Rarporsgnce . 

guna yeh sere 1, except that a non-condensing plant with ex- 

heust steam heating system is to be considered. / 

3. Enumerate the character and extent of the heat 


4 : ; j lant. 
x board” in a simple non-condensing piston enti ® ath of the feedwater and steam 


, Deb A upply, trace the p : ‘ # 
4, Boginning with the cold watt? & road ‘condensing plant equipped with a full com 


through the various essential elements in 
2 ”. ¢ ; 
eee poe nC my odern turbo-alternator plant, correctly locating 


skeleton outline of a m ator I ° Saag 
ae “arpa by name all the essential elements entering into its compos! 


losses from “‘coal-pile to switch- 
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CHAPTER II 
FUELS 


¥. General. — The cost of fuel is by far the greatest single item of 
expense in the production of steam power, and ranges from 40 per cent 
to 70 per cent of the total operating expense. Furthermore, all fuels are 
slowly but surely increasing in price, and larger investments for fuel- and 
labor-saving equipment are justified. In localities where a specific fuel 
is plentiful, the problem resolves itself merely into a study of the best 
methods of burning this fuel; but in situations where various kinds of 
fuel are available, the selection of the one best suited for a given or pro- 
posed equipment includes a careful consideration of such items as com- 
position of the fuel, size, cost per unit, heating value, refuse incident to 
combustion, initial waste products, such as ash and moisture, storage 
requirements, and transportation facilities. 

Where a choice exists, that fuel is selected which develops the required 
power at the lowest cost, taking into consideration all of the circum- 
stances that may affect its use. Occasionally the disposition of waste 
products is a factor in the choice, but such instances are uncommon. 
The boilers and furnaces are designed to suit the fuel selected. 



























American Fuels, Bacon and Hamor, Mc-Graw Hill Pub. Co. 


4. Classification of Fuels. — The fuels most commonly used for steam 
generation may be divided into three classes, as follows: 


1. Solid fuels. 


a. Natural: coal, lignite, wood, and peat. 

b. Prepared: coke, charcoal, pitch, and briquetted fuels. 
2. Liquid fuels, 

a. Natural: crude oils. , 


b. Prepared: distilled oils, residuum, gas-works tar, gas oil. 


3. Gaseous fuels. 
a, Natural: natural gas. 
b. Prepared: blast-furnace gas, coke-oven gas, coal gas, water 
gas, producer gas, oil gas. 


‘ho majority of prepared fuels are by-products of manuf 
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NEERING 


SOLID FUELS 
9. General. — Solid fuels are of vegetable origin and exist 


in a variety 
tively recent cellulose growth to graph- 


of forms, ranging from a compara’ a, 
iti i ‘ch is nearly pure carbon. They owe 
ee ions ein i ere created or to the geological 


to the conditions under which they W > 
aiiiets which they have undergone. With each succeeding stage, in 
percentage of carbon increases and the oxygen content decreases. 


chemical changes are approximately as given in Table 1. 


Origt Coal: Combustion, Nov., 1922, p. 284. 
fe els. — All solid fuels, when separated into 


their ultimate chemical constituents, are pete apres hee othr 
; and refra ; 
ortions of carbon hydrogen, oxygen, SU phur; 2 P 
Gabon and hydrogen are the only desirable elements from -eygeemat 
tion standpoint, and the others may be considered impurities. a 
various combinations into which the carbon, po es cie nt as At 
influence the physica, - 
ited are extremely complex and greatly in : 
eristios of the fuel. Not all of the carbon and hydrogen 18 phn aal a 
combustion, since part of the carbon may be present as a pte - fs 
part of the hydrogen as water. ‘The real test of any fuel is its pertorma: 


under service conditions; but a knowledge of the nga a iiss 
isti i i laboratory, is of grea 

hharacteristics, as determined in the ' 1 

in selecting ic equipment best suited for the combustion of that particular 

fuel. The analyses most comm 


only used in this connection are known 
7 + ” 
as “ proximate ” and ‘ ultimate. 


PROXIMATE ANALYSIS. This analysis enables the engineer to ome - 
a certain extent, the behavior of the fuel in pT ae 
i carbon and volatile , 
ercentages of moisture ash, fixed car 
Gishus et and the calorific value of the fuel are usually included in 


the commercial proximate analysis. 


TABLE 1 
ULOSE TO GRAPHITIC ANTHRACITE 


10. Composition of Solid Fu 


PROGRMSALVE CHANGE FROM PURE CELL 


(Moisture, Ash and Sulphur Free) 
Hydrogen Nitrogen 


Carbon Oxygen 













Mubsatance 
49.4 | 6.1 ss 
to 43.0 5.7 1.3 
ees ret 60.0 | 32.5 5.5 2.0 
ae 66.5 20.5 5.5 1:5 
Fr pituminous coal, , ep 9 8 H 1.6 
ee eoul , 86.5 70 | 5.0 1.5 
chy a 91.0 40 | 8.5 15 
leant 03.2 30 | 2.5 
RE ae 07.8 2.1 0.5 0.1 
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There is no definite demarcation between the analyses of the various 
fuels as indicated in this table, since considerable overlapping exists, 
but the progressive change is substantially as shown. 

Moisture, as obtained from this analysis, is purely an arbitrary quan- 
tity, based upon the loss in weight of a sample when maintained for ap- 
proximately one hour at a temperature of 220 deg. fahr. The material 
driven off in this manner is not all water, since some of the volatile com- 
bustible may distill off; furthermore, all of the water may not be evapo- 
rated by this treatment. Nevertheless, the treatment accomplishes its 
purpose, which is to bring the material to a condition which can be dupli- 
cated closely and represents a fixed basis for comparison. Moisture not 
only increases the cost of transporting and handling the fuel but is also 
disadvantage in the furnace, absorbing heat which might otherwise be 
available for generating steam. Solid fuel free from “ moisture ” is 
known as dry fuel.? 

The material which remains after the fuel has been completely burned 
is classified as ash. The term “ ash,” as commonly used in steam boiler 
practice, differs from ash as determined in the laboratory in that it con- 
tains some combustible. A better term for the former is refuse. It is 
derived from the inorganic matter in the fuel, such as sand, clay, shale, 
“slate,” and iron pyrites, and is composed largely of compounds of silica, 
alumina, iron, and lime, together with small quantities of magnesia. A 
large percentage of ash is undesirable, since it reduces the heat value of 
the fuel, increases the cost of transportation and handling, necessitates 
disposal of refuse, and often produces troublesome clinker. Solid fuel, 
free from moisture and ash, is commonly designated as combustible, 
though the nitrogen and oxygen included are not combustible. Low- 
ywrade fuels are considered as such chiefly because of their large moisture 
and ash content. 

‘That portion of the carbon, combined with hydrogen, and other gaseous 
wompounds, which is driven off the dry fuel by the application of heat, 
eonstitutes the volatile combustible matter, or simply volatile matter. 
he term “ volatile combustible ” is a misnomer, since a considerable 


| “Moisture,” as determined from the proximate analysis, must not be confused 


with ‘“air-drying loss.” The primary purpose of air-drying is to reduce the moisture 
»ontent to such a condition that there will not be rapid changes in the weight of the 
wunple during the course of analysis; it simply shows the amount of moisture removed 


i» order to bring the sample to a condition of equilibrium with respect to the moisture 
iy the air of the room. “Air-drying loss” is the amount of moisture driven off when 
iho sample, as received, is subjected to a temperature of 86 to 95 deg. fahr. The dry- 
jn process is continued until the loss in weight between two successive weighings, made 
six to twelve hours apart, does not exceed 0.2 per cent. See “ Analysis of Coal in the 
United States,” Bulletin 22, 1913, Bureau of Mines. 
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fraction of the distilled gases consists of water vapor, carbon dioxide, 
nitrogen, and other inert, non-combustible diluents. The importance of. 


the ‘“ volatile matter to the engineer is obvious, since a high percentage 
ffecting smokeless com- 


indicates that special care must be observed in e 
bustion. i é 

The uncombined carbon, or that portion which remains after the vola- 
tile matter has been driven off, is known as fixed carbon. Fixed carbon, 
however, is not pure carbon, since the carbonized residue contains, in 
addition to the ash-forming constituents, small amounts of hydrogen, 


oxygen, and nitrogen, and approximately half the original sulphur con- 
tent. ‘‘ Fixed carbon ” ig a measure of the relative coking properties of 
coals, though in the commercial manufacture of coke or gas the yield of 
coke is several per cent higher than that obtained in the laboratory. 
In the proximate analysis of fuel, the sulphur is included in the volatile 
matter, fixed carbon and ash. Sulphur occurs in coal as pyrites, sulphates 
of iron, lime, and aluminum, and in combination with the coal substance 
ounds. Although classed as an impurity, sulphur has a 


as organic comp’ 
heating value, when in the form of iron pyrites, of almost one-half that 


of the carbon it replaces. For steaming purposes, sulphur is objection- 
able only when its presence produces & badly clinkering ash, or brings 


about corrosion by the formation of acid with moisture, as in connection 


with economizer installations. 

Uurmate ANALYSIS. In the ultimate analysis, the composition of 
the fuel is expressed in terms of its elementary constituents of carbon, 
hydrogen, oxygen, nitrogen and sulphur, and ash. The ultimate analysis, 


while little used in ordinary practice, is of value in determining the more 


important heat losses incident to combustion, but an accurate analysis 
tates the 


requires considerable time for its consummation and necessi 
services of a competent chemist. For that matter, an accurate proxi- 
mate analysis requires even more skill than the ultimate analysis, since 


in the latter the determination of hydrogen, carbon, and nitrogen is not 
ntained in the proxi- 


subject to the arbitrary conditions that must be mai 
mate analysis, But as ordinarily made the latter requires little apparatus 
and ia within the skill of the average engineer. 
Both the ultimate and proximate analyses may 
(1) “ Fuel os received,” or fuel as fired 
(2) “ Fuel, moisture free,” or dry fuel 
(3) “ Fuel, moisture and ash free,” or combustible 
(4) “ Fuel, moisture, ash, and sulphur free.” 
B. Toat Code for Solid Fucla: Mech. Engrg, Sep. 1924, p. 558, 
Methoda of Laboratory Sampling and Analysis of Coal; Proe, Am, Soo. 


" wal, ps 700, 
Coal) U, 8, Wureau of Minos, Pooh, Paper 1, 1011; 198, 1017; 76, 1011. 


be expressed in terms of 








d . = oe fuel publications issued by the Bureau of Mines and th 
ae . aes rk ch the quoted terms are used almost exclusivel , 
Ni se : grit ee ais le by the American Society of Mechan- 
: most engineering literature, the terms i : 
i in bo 
Pe eo. ae rer prefer to have the results based ibe 
red, represents the condition of the f 
= nce | opres e fuel as fed to the f 
rs ” pa ete in comparing analyses, the results are usually eh 
OF . but occasionally, as will be shown later, the “ fuel 
, ash, and sulphur free ”’ basis is of service. Anielyaes are sondity 


converted from one basis to ; 
oxanifle another, as will be seen from the following 


Exampl — Gi i ) 

Be np Pt, mM re the proximate and ultimate analyses of a sampl 

oft Ali. Fanaa TOMS ea these analyses to the ‘ ne 
2 } free”’ basis. Als i 

mate analysis as received to the “ moisture, ash and hee rl asia 


Solution. — 


FOR THE PROXIMATE ANALYSIS: 






ceived, or Coal 
as Fir 


7 Cc. 
lixed COTDOD vss uc sic 
Kage OS CG ee et 61.49 
Ash. ; ACA RIAL Oke cheesey : 
DS MWR ERRe eke a eee te en ri 
= 100;00. 





Column A = laborator is. 

y analysis. 

Column B = column A + (1 — i i 

Mi: gi or eK s poe poopie weight of moisture) 
‘olumn C = column A + [1 — (proportional weight of moisture + 


ash)] 
= column A ~+ 0.8163. 


FOR THE ULTIMATE ANALYSIS: 











: Coal Coal, Coal 

Coal as Received iro | M ist 

oal as Receiv Majeture and Ash yee 
Ai A. B. ee Seve ee 

Carbon,...... | 

Seer bt Saat Apt 66.55 72.15 81.52 83.54 

pe tromen; % tp a ‘ag 8.37 
KV@MONn..... : : 

Oxygen. . 7.51 8.14 9°31 et 
ul A 1.97 2.14 oa “a 
Se caamememaees 8 a oa  enenEnwen ee 

100.00} 100-00 |"100.00 | 100.00 | 100.00 
\ 


* From the proximate analysis. 
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In the ultimate analysis of the coal as received (Column A), the free 
moisture or ‘“‘ moisture ” ig included in the hydrogen and oxygen. Since 
the water is composed of one part hydrogen and eight parts oxygen, one- 

ture should be subtracted from the hydrogen and eight- 


ninth of the mois 2 : 
ninths from the oxygen, in order to include free moisture as a separate 


item, thus: 
Column A = laboratory analysis. : 
Hydrogen (column A,) = hydrogen (column A) 


ture 
ee hd — aK TT 
= 4,28. 
= oxygen (column A) — $ X percent moisture 
= 1441 — $ X 7.76 
= 7.51. 
Column B = column Ai + (al — proportional weight of moisture) 
= column Ai + 0.9224. 
Column C = column Ai + {1 — proportional 
ash)] 


column Ai + 0.8163. } 
column Ai + [1 — proportional weight of (moisture + 


ash + sulphur)] 
= column Ai + 0.7966. 

The term free hydrogen, or available hydrogen, is based on the as- 
sumption that all of the oxygen in the coal is combined with hydrogen 
in the proper ratio to form water, or 

Free hydrogen = Total hydrogen — oxygen/8 = H — 0/8. 

All of the oxygen + 0/8 is the weight of. the combined moisture, and 
the sum of the free moisture (moisture as determined from the proximate 
analysis) and combined moisture is designated as the total moisture. 


Example 2.— Determine the free hydrogen, combined moisture, and 
total moisture for coal as fired, the analysis of which is given in Example 1. 


Solution. — 


— 4X per cent mois- 


Oxygen (column A:) 


weight of (moisture + 


Wil 


Column D 


Free hydrogen = H — 0/8 = 4.28 — 7.51/8 
= 3.34. 
Combined moisture = O + 0/8 = 751 + 7.51/8 
= 8,45. 
Total moisture = M + (0 + 0/8) =7 76 + 8.45 
= 16.21. 


For most engineering purposes, extreme accuracy is not ne 
determining the ultimate analysis, since the average commer¢i 


ehomioal constituents from the proximate analysis, thus: 





a 


# aa 






cessary in 
al heat 


balance is in itself only approximate at the best. Consequently, re- 
gourse may be had to empirical formulas for approximating the weight of 


Wogineoring,” Carpenter and Diederichs. John Wiley & Sons, 


FUELS 


For hydrogen, H = VF “d 0.013) 
in which nie 
H = the per cent of hydrogen in the combustible, 


For nitrogen, 
N = 0.07 V for anthracite and semi-anthracite 
= 2.10 — 0.012 V for bituminous and lignite. 
For total carbon (fixed carbon + volatile carbon) 
C =F + 0.02 V? for anthracite 
= F + 0.9 (V — 10) for semi-anthracite 
= F + 0.9 (V — 14) for bituminous coals 
= F + 0.9 (V — 18) for lignites 
in which 
© = per cent of total carbon in the combustible, 















































V = as above. 














analysis of the coal given in Example 1. 


to (3) and solve, thus: 
7.35 


H = 5.24). 
N= ~~ — 0.012 < 38.51 
_= 1.64 per cent. (Analysis gi = 
© =~ 6149 -+09 (3851-14) hen ha 
= 83.55 per cent. (Analysis gives C = 81.52). 


la: 
Calculated Values, 

er Vel 
- 6.38 { 4.35 

» 1.64} X 0. 4 
1 ah ‘an BARD cnt. cs Sa piaalaer™ > re eee | 1.33 
A (by analysis) Pi: ree en t0:81 

gleture (by apalysis)........c.ccccccccceeneees i 
NT neal RR ee 15 














* Carbon + Sulphur 06,55 + 1,07 = 68.52. 


V = the per cent of volatile matter in the combustible. 
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Add 


(2) 


(3) 


F = per cent of fixed carbon as determined from the proximate analysis 
’ 


Sulphur in the coal increases th 
; e value of V; hence the cal 
value of C is too high by practically the sulphur content of the Sire 


Example 3.— Calculate the ultimate analysis from the proximate 


Solution. — Substitute the various numerical values in equations (1) 


H = 38.51(s5—— an — 
38.51 ati + 10 0.018) = 5.83 per cent. (Analysis gives 


I'he ultimate analysis of the coal as received, neglecting the sulphur 
4 J 


Actual Valu 
Per Cent % 


4.28 
1.32 
68 .52* 
10,61 
7.76 
7.51 
100. 


5 
00 
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Assuming the per cent of sulphur in the coal under consideration to be 
the average of Illinois coals as recorded in the Government bulletins 
S = 2.84 per cent), the total free moisture, ash, and sulphur would be 
7.76 + 10.61 + 2.84 = 21.2 per cent; and the “free from moisture, 
ash, and sulphur” content, 100 — 21.2 = 78.8 per cent. The ultimate 
analysis of the coal as received may then be calculated as follows: 


is fai ith the exception of 
i the agreement 1s fairly close, with | 
Ee oneal carbous Be previously stated, aha ee nee 
the fact that the sulphur content 1S practically all adde 1 to on 
pete Tf the sulphur sora of bt oo brid omed va this ae 
; i ade so tha u 
Per cent 83.55 en trig 81.14 per cent per lb. of combustible. 


This method of calculating the ultimate from the proximate analysis 

























° Calculated Values, Actual Values 
as fairly accurate results for most coals, but with some grades : bi- ones re. 
ir : er 
peal the results for H and C may be in error as much 8 9 P aca ; 
tuminous coals the r Combined moisture, 11.94 X 0.788............... 9.40 8.45 
i t 
cent for each constituent. 


Bree moisture (by test)... - 0.55... .6.6.0.5... 0 7.76 7.76 
ree hydrogen, 4.14 X 0.788 . 





‘As the average plant is not equipped with the necessary apparatus for 







ag the proximate analysis to S07 NOR Ot ner “soa Sen (MR | ee P32 
making the p z are of little value to the engineer in charge. Nitrogen, 1.82 Q788....0000ccit nisin fer «8 
the preceding calculations bersome, even for the large plant, when OE ee Gee hot ee wee Cre ae Ie *2 80 197 
The proximate analysis is too cum ersome, vost tions, aligns DOW ot am 
a number of heat balances are required in a sho ; 











i i the following method enables 
being tried out. In such cases, wing : ’ 
ottoaties a approximate the ultimate analysis with sufficient ac 


i i urce of coal supply 
curacy for most practical purposes, provided the so 


$. al 
ze ~tie Nos. 22, 85 and 123, issued by the Bureau of wept. wr nats 
a large number of ultimate analyses of coals from all ae r Basherrert 
A study of the data will show that coals from any given | ai of an ped 
the same analysis when expressed on a free eu Hin a i ete 
phur ” basis; hence it is principally a ye ial picemagee ns oh 
‘ a sma a een pee ha Since the percentage of sulphur 
itor, » may be introduced in making this assumption, 
i, ood mmercial heat balance 1s con- 


* By assumption. 






The agreement between calculated and actual values for most Illinois 
couls is much closer than in this particular example. The splendid work 
of the U. S. Bureau of. Mines has placed at the disposal of the public 
eomplete analyses of the coals of all the coal fields in the country, and 
the error in assuming the average values of an entire state, as in the pre- 
woding example, may be greatly reduced by taking the average values 
for the particular field in which the coal under consideration is mined. 

ii, Coal. — Coal is the most important of all fuels and furnishes the 
greater part of the world’s heat and power energy. According to the latest 
eatimates, the coal reserves of the world, by continents, are as follows: 
















is not uniform, 
but it is negligible as far as the average co 









Billions of Tons (2000 Ib.) 
a. 3 is is best illus- RUARPIOG -os65 3.0 wR Te a 5, 
cerned, This method of obtaining the ultimate analysis RRR ein G ok ss 2 eee ee 1,410 
Rites example. ; Europe Beat pies o/n~ » =/e en 864 
trated by that a sample of Iinois coal (analysis as per Oceania. .........0. 5g 188 
Example 4. — Assume and that only the ash and moisture determina- AGOGO adi iki... ,. Sere 64 





- abl 
remy ted geet Approximate the ultimate analysis from the 


is of Illinois coals. 
“moi . ash, and sulphur free “i analysis 0 I 
Sgeetce. See erecage of a number of Illinois coals,” as recorded in 
the Government pulletins referred to, 18: 


Of the amount contained in the Americas, the United States claims 
4,405 billion tons, or 51 per cent of the total coal of the world. The pres- 
put (1024) rate of production in the United States is approximately 700 
iilion (ons per annum and the distribution is roughly as follows: 





















Per Cent 
fidlustrial steam trade.......... 83. Exports 
0 OA RAR igen 28 Steamship bunkers at tidewater... 2 
Domoatio and amall trade........ 16 Used at mine for steam and heat. 2 


~ Manufacture of coke, ........... 9 Manufacturer of coal gas........ 1 
Manufacture of by-product cokes 4 


Per Cent 












+P, W, Evans, Armour Engineer, May, 1015, p- 301, 
+ Moisture, ash, and sulphur free, 
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of coal in the United States is west of the Mis- 
80 per cent of the present production is from the 
ome idea of the extent and character of these 
tion of the chart in Fig. 8. 


The greatest repository 
sissippi River, but almost 
States east of this river. $ 
fields may be gained from an inspec 









m Anthracite 

Semi « 

~% Bituminous 

Semi « 

eli 
8ul 


Fig. 8. Coal Map of the United States. 


Coals and allied substances have been variously classified, according to 


1. Oxygen-hydrogen ratio, or Gruner’s classification. 
9. Fixed carbon and volatile combustible matter. 
3. Fuel ratio, or the ratio of the fixed carbon to the volatile combustible 


matter. 
4, Calorific power. 
5. Fixed carbon. 
6. Total carbon. 
7, Hydrogen. 
8, Carbon-hydrogen ratio, 


hydrogen. 


All of these classifications are more or less unsatisf: 


overlapping of the various groups. 

According to the investigations of Prof. 8. W. Parr, 
value to the percentage of volatile matter of pure coal (moisture, ash, 
and sulphur free) is a more reliable means of classifying coals and allied 


_. than any of those previously mentioned, 
ite various bulletins the U. 8, Bureau of Mines uses the following 
for the ranks of coal, 


or the ratio of the total carbon to the 


actory because of the 









































the ratio of heat. 


FUELS 35 
Anthracite Bituminous 
Semi-anthracite Sub-bituminous 
Semi-bituminous Lignite 


_The word “rank” in this connection is use i eo 
differences in coal that are due to the hist ade Ge Haak hia 
anthracite, a change marked by the loss of moisture, of neyo al f 
volatile matter.” This change is generally gidomipantsd by an i ; 
of fixed carbon, of sulphur, and probably of ash. When, howev ag 
coal is distinguished from another by the amount of ssh or Ib i 
contains, this difference is said to be one of grade. Thus, a “ high A a 
coal j means merely one that is relatively pure, Gildveas Mes hi iH k 
coal”? means one that is high in the scale of coals, or in other word ge 
that has suffered devolatilization and that now peialtie a ona ak 
centage of volatile matter, oxygen, and moisture than it wean we 
fore the change occurred. M. R. Campbell (Prof. Paper 100-A. U s. 
Geological Survey, 1917) gives the following analyses as fepicsontte 
of the different ranks of coal, computed on nine samples as i ‘ 
the ash-free basis. neal 








Fi ; 
Caen Miva Moisture Heat 
Value 
B.t.u. per Ib. 
Per Cent by Weight 
RE ee, ae 
NESTE SOE SOI ST re aa 84 He 
ie ak a a ‘ 34.2 23.4 9,720 
LOW WADE 4s eS 
Medium rai 10100000000 si2 | 40.8 | 5.0 | 13880 
Oe ee ee, coy OCIS ; 
Hoon f Hg tam. esc eeeceeeeeees 64.6 | 32.2 3.2 | 15,160 
AA Meni aetiitr 127 inftensr? 24 ga | ite | 5.0 | 18360 
Memieanthracite..........6.. latin crusade 83.8 02 sp ieee 
mache | nds deitie wins vam! ca cwiew Avoid 95.5 13 32 12440 
said : 14,440 


The U. 8. Geological surve i i i 
Bho areas wndoilatatiés ian as ieee 
Coal district is the term applied only to small coal areas in which min 
are developed continuously on a given bed or beds and the coal is gene ily 
Kiown by some distinguishing feature, such as a trade name de mend 
yeical characteristic upon which it is advertised or sold Districte ane 
wrally named from the leading town in the county vie odtiod the pe 
which mining first achieved distinction in producing this varttgal 
of coal, Examples of districts are the Red Lodge district of Mon- 





S ite a 
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and the Winfield district of 


36 


tana, the Gallup district of New Mexico, 


West Virginia. 

The term coal field is applied to an area generally larger than a dis- 
trict but still well-defined and compact. Small areas or basins that are 
separated from the main coal are called fields, especially if this coal is of 
~ fairly uniform composition and value. ° Examples of coal fields are the 
Pocahontas field of Virginia and West Virginia, the New River field of 
West Virginia, and the Windber field of Pennsylvania. 

Coal fields are grouped into larger divisions called regions. Such 
grouping is generally designed to bring together coal fields that have 
some feature or features in common, thus enabling them to be considered 
as a whole or separately as the problem may demand. Good examples 
are the anthracite region of Pennsylvania, the western coal region in 
Towa, and numerous deep basins of the Rocky Mountain States. 

As fields are grouped into regions, SO regions are grouped into much 
larger divisions, called provinces. These are the Eastern province, In- 
terior province, Gulf province, Northern Great Plains province, Rocky 
Mountain province, and Pacific Coast province. 

For a detailed description of the various districts, fields, regions, and 


provinces in the United States, consult ‘‘ The Coal Fields of the United 


States,” by M. R. Campbell, U. 8. Geological Survey, Prof. Paper 100-A, 


1917. 


Analysis of C 
1922; No. 123, 1918; 


of Mines, Bulletins, No. 193, 


‘oals in the United States: U. S. Bureau 
Paper 76, 1914. 


No. 85, 1914; No. 22, 1913; Technical 


12. Anthracite. — Anthracite, commonly known as hard coal, consists 
almost entirely of fixed carbon and is the hardest of all the coals. 


Specific gravity 1.4 to 1.6; fuel ratio not more than 50 or 60 and not less 
than 10. It has a deep black color, a shiny, semi-metallic luster, has few 
points and clefts, and burns without softening or swelling. It ignites 


slowly and burns at a high temperature with little flame or smoke. As 
nearly all anthracite, with some unimportant exceptions, comes from 
three small fields in Eastern Pennsylvania, the supply is comparatively 
limited (estimated at less than 5 per cent 0 
coal in the United States). Anthracite, as mar 
or screened, but there is no accepted standard of sizes, 
having certain sizes and names peculiar to itse 
plies, Table 4 gives one of the standard 
names wnder which it is classed and marke 


 ginon in much lens than that of the coarser, pa 


tho immediate viein 


hl 





f the total unmined reserve 
keted, is always “ sized ” 
each coal district 
if and to the trade it sup- 





divisions of mesh and the trade 
ted. ‘The price of the finer 
rtly because of the premium 


placed on the larger aives by the demand for domestic heating. fven in 
ity of the mines, sizes over “ pea coal ” are usually 
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prohibitive in price for steam 
Pte iltinon r ste power plant use. The sm i 
pre ale vf Baie _ city plants where smoke adit aston aaa 
itn. ce Pcp compares favorably with other available 
the material sescaieibaa Pin gh ee * resis ke pr : 
~ areata ich contains a large 
tee f oh gag grade) were formerly celeaie aaa o 
Be coat of By ee content and low heating value; but with the 
adie al and the improvement of furnace doses near! ‘ 
aie g made available for power plant use. The aw on 
ys all yses of a number of anthracites are given i een" 
:d by many that anthracite has greater heat yaa sith: . 
any 0: 


8 of Ri Coal at Baltin vore. Combustion, Nov., 1923 p. 388. 
U e ver ’ 


13. Semi-anthracite. — Semi 
: . — Semi-anthracite kind] . 
more ra ‘ indies more 
with a Bard in ag It requires little scien Mee : eis 
ls opt Same a on as er great heat with little peraee s bares 2 
y ig and wastes 3 : - 
It swell ‘ somewhat in fallin 
kity ie ctognag a does not cake. sieoiuibeasee See er 
7) ee , metallic luster tha i ates 4 
dist n anthracite 
i OUI ot greet inapeetan tendency 40s) the 
is not of great i f ‘ e hands. 
feld oa mportance in th 
si on count th net sy an high ot Tee mid ny 
areas in Pennsylvania, Ark i ined chiefly 
vay . a : » ie 
4 le have also been found in Alaska sell en ae 
a ; ratio 6 to 10. See Table 2 for anal Spied 
specimens. nalyses of a few typical 


14. Semi-bituminous. — Semi-bitumi is simi 

somi-anthraci i: inous is similar i 

#2 per ae. f hi rags and contains more Eistiloamaneaatan Me 

dete om il heating value, low moisture, ash, and sul a 

among the best st y without producing objectionable smoke ay x. 

Seuminous one hs coals in the world. The volatile mie = sa 

Tothane (CH) seh remarkably uniform composition and al in semi- 

tera) sain 4 > apa While semi-bituminous coal is fe sees 

the Wi . st Virginia, the Georges 

fold. i of ere and the ia oP wh x cee 

and it probabl A: semi-bituminous coal is comparativel mae 
y will be the first to be exhausted because it Ne eral 

greater 


all i . 
r ~ 


| - 
y all semi-bituminous coals are of the caking variety, and some of 

























TABLE 2 
ANALYSES OF REPRESENTATIVE COALS 


Proximate Analysis 





| Tt ee HG 
l County, Field, 5 |38 

| State District, or Trade % a3 3 
™ Name 3 Sa Late) 


Anthracite 


Alaska. ..| Bering River F | 3.65] 9.20 


Semi-anthracite 


Semi-bituminous 


4. 
Lookout Mt. 3.38| 18.67| 63.41 14.54| 1.22 
..| Bering River 3.63| 15.37) 73.95 7.05] 1.18 
2.77) 14.69] 73.47 9.07) 2.79 










Ark .| Logan 

Col.. .| Coal Basin 3.07| 22.67 65.10) 9.16 0.63 

Ga....-+- Mann 3.80| 15.88 65.83) 14.49 1.27 
3.40] 15.00] 75.10 6.50) 1.04 


Md,....-- Georges Cr. 
Le Flore 

+? d Windber 

.| Broad Top 
Pocahontas 
.| New River 
..| Pocahontas 


16.48| 72.22) 8.67 1.00 
2.54| 19.85] 71.22 6.39] 2.12 
2.14| 15.47] 75.96 6.43] 1.05 
1,63) 17.17| 75.34 5.86] 0.75 
3.34| 21.25] 73.18 2.23) 0.56 
3.61| 17.411 74.84 4.14] 0.76 


agg a dodsgsass 
w 
B 








Ky,,... >>| Bastern F 1.70| 50.76| 38.23 9.31 

W, Viv Kanawha F | 1.80] 44.90) 49.86 3.44 

Utah, ....| Kane © | 7.35] 46.93} 22.48 23.24| 1.61 
Bituminous 


36.80] 53.77| 6.58 0.49 
30.43| 63,29) 4.62 1.40 
31.48| 39,68) 21.78 1,30 
30.60) 58.06) 9.16 0.70 
46.69| 40.13) 6.28 417 
36.77 45.75) 6.20 





Ala... o. | Warrior 

‘Alaska, ..| Chignik Bay 

‘Allen, | Matanusles 
Mone 


0,92 
0.62 
7.66 


= ss=>ps0 =" 


Ultimate Analysis 


4.58] 2.57) 0.60 | 3. 


4.36 7.45 75.96| 12.23] 0.96 2.97 | 77.75) 0.98 | 5.11 


Col.....+- Crested Butte F 2.70| 3.32) 88.15 5.83] 0.80 | 3. 
N. M....- Cerillos F 5.70) 2.18 86.13] 5.99] 0.69 
Pa.....-- Lackawanna Cc 3.43] 6.79 78.25) 11.53] 0.46 2. 
Pa.....+- Luzerne Cc | 1.31) 5.68 85.87| 7.14] 0.42 2.35 
Wash.....] Whatcom Cc 


Alaska... Bering River F 1.18] 10.02| 84.50 4.30| 1.59 

Ark.....+ Pope Cc | 2.79) 11.90 75.24) 10.07| 2.17 

Pa.....++ Bernice D | 3,16) 8.59 78.08| 10.17| 0.67 3.47 

Van. .eees Montgomery C 1.67| 9.36| 66.65 22.32| 0.71 | 3.19 69.24| 0.81 
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OF THE UNITED STATES 


(Compiled from Bureau of Mines Bulletins) 
Run of Mine — As Received 





3.23 | 86.37| 1.46 3.05] 14,344 
3.69 | 78.28] 1.66 4.18} 13,356 


79.49| 1.10 | 5.10 13,376 
3.73] 11,570 


4.29 | 72.86) 1.27 5.82] 12,701 
3.84 | 77.85) 1.64 8.44] 13,116 
4.02 | 78.71] 1.46 3.95) 13,774 
4.96 | 78.81| 1.69 4.75) 13,990 
4.32 | 70.59] 1.09 8.24) 12,791 
4.63 | 80.69) 1.55 5.60] 14,160 
4.25 | 80.06| 1.72 4.30| 13,799 
4.70 | 81.17] 1.33 4.29) 14,315 
4.44 | 82.83] 1.27 3.98) 14,470 
4.58 | 83.14] 1.02 4.65) 14,672 
5.13 | 84.19] 1.55 6.34) 14,821 
4.57 | 83.681 1.12 5.73| 14,587 


Bituminous — Cannel 


1.02 | 6.83 | 73.25 1.31 | 8.28| 14,251 
0.87 | 6.96 | 80.57 1.51 | 6.65} 15,330 


16.03] 10,355 


6.18 
















5.14 13,390 
5.13 14,605 
4.83 9,846 
4,83 18,145 
6.28 12,447 
5.44 11,286 
4.62 12,887 
4.85 11,005 






















































Heating Value 
B.t.u. per lb.» 






20 | 86.49| 1.11 | 6.08 14,182 | 15,124 
98 | 85.38] 1.12 | 3.59 14,099 | 15,413 
2.38 | 82.87| 1.26. 6.81| 13,268 | 15,025 
52 | 78.85| 0.77 | 5.87 12,782 | 15,030 
86.76| 0.68 | 2.65 13,777 | 15,048 
12,593 | 15,098 


15,176 
15,327 


16,431 
15,223 


15,475 
15,363 
15,624 
15,939 
15,653 
15,710 
15,556 
15,719 
15,827 
15,860 
15,696 
15,815 


16,176 
14,918 


14,783 
15,584 


| 16,013 
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them furnish the best coke that i i 
Mywoitic gravity 1.3 to 1.4; since ie Ra payleiorie 
BS) « ocisnre e Table 2 for analyses of 
is, Bituminous. — This fuel, sometimes called : soft i 
/ ee a and is used more extensively than eo aa ee 
af . = — The physical properties of the different grades 
at ooh: pr and no classification so far made has met with 
. ee ee ee coals: range in color from pitch black to 
nc, —% in ardness from that of the lignites to that of semi- 
ey bu . ” he volatile matter and fixed carbon content are about ~ 
Se ehing _ also ae of sub-bituminous coal and lignite. One dis 
BE coal. is 7m “ ch serves to separate bituminous from the lower 
 cseicaity > weathering. Bituminous coals are only slightl 
ee ie vere y weathering, unless exposed for years; and ‘aad 
_— ep ipaaeniy of small particles, each particle is a prisiaglll 
Mh tho bodding. (M. R. ‘Campbell, Prof, Paper 100-A, U. 8. Geo 
fal Survey.) Ritininss coals are ite a paiearets sn 
| sey tend to form into a solid mass vier deh aaa a 
= edge freely without fusing. Coals ase pee: 
a. a8 called coking coals, but as certain grades of cals 
hong “ free-burning coals the term is somewhat of a misnome 
onli e ing ~ are of the caking variety, but the reverse is 
“Pieter Ohio, laars ranean alae * "Ea 
' is ae 
Bieter ox nae heading ‘‘ Pittsburgh coal,’ conse ee 
en om a degree, but not to such an extent as the semnicbittien : 
ad on he pe onaages variety is generally known as tree-burhill 
tee vt om the Western and Middle Western States. Caking 
hae volatile hydrocarbons and is valuable in gas manufact : 
\ ann Ty large percentage of the steam fuel used in th Ea ak 
_ ae bituminous is free-burning, but has a a eal 
‘linker, The coals found in Illinois, India: 4 ae 
jraetioally all free-burning. Iowa coals iit of ant ant 
; os ~ i “er RM because of their large Boistciaahe pies 
om a inessee, and Alabama bituminous coals are high- 
urning, although the coals from some localities in wes ae 









13,838 

14,827 & tendency to cli 

1 y to clinker badly. T igh- i i i 

re sede, Wioming: Washi y he high volatile bituminous coals 
m4 Sih be ; ' ington, and Oregon include both caking and 
Meer oties, Specific gravity 1,2 to 1.4; fuel ratio 1 to 3 7 
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them furnish the best coke that is made. (See middle of paragraph 15). 
Mywollle gravity 1.3 to 1.4; fuel ratio 3 to 7. See Table 2 for analyses of 
# few typical specimens. 

14, Hituminous. — This fuel, sometimes called:soft coal, is the most 
Wilely distributed, and is used more extensively than any other fuel in 
‘the generation of steam. The physical properties of the different grades 
Yery within wide limits, and no classification so far made has met with 


TABLE 2 
COALS OF THE UNITED STATES 





ANALYSES OF REPRESENTATIVE iin 
(Compiled from Bureau of Mines Bulletins 
Run of Mine — As Received 





. Heating Value 
Proximate Analysis Ultimate Analysis B.t.u. per lb. 



















al approval. Bituminous coals:range in color from pitch black to 

| | g |35)38 frown, and in hardness from that of the lignites to that of semi- 
| County, Field, 3 e3 B38 <q "= a 

| State | E ce] Ea a jiious, The volatile matter and fixed carbon content are about 

215 


, but this is also true of sub-bituminous coal and lignite. One dis- 
jeliing feature which serves to separate bituminous from the lower 
foala is that of weathering. Bituminous coals are only slightly 













Anthracite 


49| 1.11 | 6.08| 14,182 | 15,124 
ing Ri g4.58) 2.57| 0.60 | 3.20 | 86. a 
Atsaka...| Beting ore, Ss ‘a 88. 15| 5,83] 0.80 | 3.28 | 85.38] 1.12 | 3.59) 14,009 15,4 


Col.......| Crested Butte F + Al 5.90] 0.69 | 2.38 | 82.87| 1.26 | 6.81] 13,268 15 ae | chemically by weathering, unless exposed for years; and then, 
N. M.....| Cerillos A a 00 #8 95| 11.58) 0.46 | 2.52 | 78.85| 0.77 a =e eal }) the coal consists of small particles, each particle is a prismatic 
slip ee 68 | 2.65) 13, ‘ : : 
ml har ame tage C | 1.31) 5.68) 85.87 de a ie at 0.98 5.11| 12,593 | 15,098 iil, whereas coals of a lower rank break into thin plates parallel 
BGR cielas -96| 12. ; . 
C | 4.36| 7.45] 75 
Wash.....| Whatcom 


the bedding. (M. R. Campbell, Prof. Paper 100-A, U. 8. Geo- 


Semi-anthracite Murvey.) Bituminous coals are either caking or non-caking. The 


1,18] 10.02) 84.50] 4.30 1.59 | 3.23 | 86.37| 1.46 3.05] 14,344 | 15,176 




























































OREM Hit eB ge 4 4 13| 13,356 | 15,327 / tend to form into a solid mass when heated in a retort or furnace, 
Ark...---| Pope eh beer eh er 10.7} O07 | 3.47 | 79.49| 1.10 | 5.10) 13,376 wey the latter burn freely without fusing. Coals suitable for making 
= a eeett C ie on 46.65| 22,32| 0.71 | 3.19 | 69.24| 0.81 | 3.73] 11,970 1 to, wiercinl coke are called coking coals, but as certain grades of coke 
im Qaeie on pated be Bo tw tae from free-burning coals the term is somewhat of a misnomer. 

. if? ey Me 1.22 | 4.29 | 72.86] 1.27 | 5.82 sume Le mally all coking coals are of the caking variety, but the reverse is 
ey: pce gi 7 3 18.7] 73.96] 705] 1.18 | 3.8 Hts He 5.08 i374 15,024 jeemarily true. The high-volatile coals of western Pennsylvania, 
mist inet mc | 2.77| 14.0 ogee “ys! on ie ail 1.60 | 4.75} 13,090 io mi Ohio, eastern Kentucky, and parts of West Virginia, frequently 
Col... Coal Basin 8 het a 65.83] 14.49| 1.27 | 4.32 bide ae col cca neal ped under the heading “ Pittsburgh coal,” possess caking qualities 

P ae anil cr. F | 3.40 < es a ym +e 30.06| 1.72 | 4.30 am te 4 wyeater or lows degree, but not to such an extent as the semi-bitumi- 
Oils.) Le EO £ eal 19.85} 71.22] 6.30) 2.12 | 4.70 oS Np scaro:| 168 woale, ‘The non-caking variety is generally known as free-burning 
x... Broad Top F | ald) 15. ee oon +4, | e3 tal 1.02 | 4.65| 14,672 16,200 ls found chiefly in the Western and Middle Western States. Caking 
Veins: opie ; ¥7 ay 9| 73.38| 2.23) 0.56 | 5.13 27 f Re nals 15,815 js viel in volatile hydrocarbons and is valuable in gas manufacture, 
" wa: Bihocieo Fr | 3.61| 17.41] 74.84] 4.141 0.76 | 4.57 : ponetituton a large percentage of the steam fuel used in the Eastern 

Bituminous — Cannel «ial Wns VA Michigan bituminous is free-burning, but has a considerable 
Sabern F | 1.70] 50.76] 38.23] 9.31 obs se | fo 14 re 15,330 [isin wy to olinker, The coals found in Illinois, Indiana, and Missouri 
ies.) Kanawha | r 44.90 rte ae Pp 6 18 | 51.88| 1.06 | 16.03] 10,355 | 14,918 jrwetioally all free-burning. Iowa coals are of much lower grade 
Utah,....| Kane © | 7.35] 46.93] 22. thoes just mentioned, because of their large moisture and ash content. 
myneniones 13,300 | 14,788 fiehy, ‘Tonnessee, and Alabama bituminous coals are high-grade 
2, 80) 53.77) 6.58 ar = 15,584 free hurning, although the coals from some localities in this district 
ee 30 | 30 sl 21.78] 1.30 | 4.88 pr & tendency to clinker badly. The high-volatile bituminous coals 
2 ore — 1108 lo, Wyoming, Washington, and Oregon include both caking and 

" Be on variotion, Specific gravity 1.2 to 1.4; fuel ratio 1 to 3. 
' 488 14,008 oa! is a variety of bituminous coal found in a few small areas 


wiates, Lt has the highest hydrogen content of any coal, and 
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16, Sub-bituminous. — This is the t 
of Mines for what is commonly sco ogi aehy: a ae 
doy what 1 as “ black lignite.” is cl 
alia ones the sense of being woody, has peerage: 
ao. rye 2 yo . ituminous in structure and in heating value leat 
ar, ee haiti coal are found in the Western States Bi 
oll — - nee Montana, New Mexico, Oregon, ont Wash- 
i “xe )-bituminous coal is exposed to weather it slacks rapidl 
Be in od ea eiagt and crumbling into fine particles. PThis 
AM Sion n . e high moisture content, renders transportation 
te ed 7 ea of the fuel is mined for local use. Recent progre 
oly in 7 of furnaces and stokers makes possible efficient ate 
te oe ‘his class of comparatively low-grade fuel. See Tabl ‘ 
_ ™ “ «dete samples of sub-bituminous coal rec 
» ignite, or Brown Coal, is a substance. of i 
ag ore recen 
er _ a ote ‘oh represents a stage in development ares 2°: 
Ss contain peat. Its specific gravity is low, 1.2, and when freshl 
Be aiacks or “sn WY much as 50 per cen# moisture. It is bee 
aii, oar nbles on exposure to air. The lumps check and fall ae 
yaanad pie: with a tendency to separate into extremely thin 
a, . . Aa greatly during storage or long transportation 
pote or fuel with a heating value of about oupcuial 
te oa pret deposits of lignite are found in Texas, Montana 
— with which tog ar Ra pee won eadee 
us i i 
wl in the raw state in specially designed lite gest 
? ’ 


burns with a bright flame without fusing. It is seldom used for steam 
generation, but finds a ready market pecause of its usefulness in the en- 
riching of illuminating gas. Cannel coal differs greatly in appearance 


, from all other bituminous coal, being homogeneous, with a black or 
grayish-black color and a dull, resinous luster. 

Splint coal is a non-caking bituminous coal of singular structure and 
low volatile content. It splits like slate along the seams, but breaks 
with difficulty on cross fracture. Because of its slaty structure, low 
volatile content, and slow ignition, it is little used for steaming purposes. 

Block coal is a variety of Indiana bituminous, laminated in structure 
and consisting of successive layers of coal, easily separated into thin 
sheets. It is used for both domestic and power plant service. See 
Table 2 for analyses of a number of typical specimens of bituminous coal. 

Coke may be prepared from almost any fuel containing carbon, but 
the greater part of the commercial product comes from the distillation 
of bituminous coking coals. Most of the coke produced to-day is used 


for metallurgical and gas-making purposes, although there is @ steadily 
increasing demand for coke for domestic heating, and, to a limited extent, 
for steam generation in power plants. For the latter purpose, coke 
breeze (the fine refuse from the coke ovens, quenching tables, and grad- 
ing screens) is most commonly used. Dry coke is composed of practically 
pure carbon and ash, with small amounts of volatile matter and sulphur. 
Under ordinary conditions the moisture content ranges from 5 to 10 per 
cent, but this may be increased on exposure to as high as 25 per cent. 
The ash content of coke breeze varies from 10 to 35 per cent, depending 

upon the initial ash content of the coal used for making the coke, and the h the ; inane 

care used in preparation. Coke breeze is a low-priced, smokeless fuel, = sell seen atebcen form. When properly treated 

and is finding favor with engineers 1n large cities where smoke ordinances Poriwite handling and transpo rae ignite resists weathering satisfactorily 

are rigidly enforced. It may be burned satisfactorily with forced-draft Hs jaotionlly smokeless a aha — en deterioration, a 

: ; or analyses of typical samples of 


traveling-grate stokers fitted with non-sifting links, and on stationa iio, 
a. grates of the pin-hole type using forced draft. 
The Coking of Coal at Low Temperatures: Univ. of Ill., Bul. No. 30, June 3, 1912. — a Dakota Lignite as a Fuel for Power Plant Boilers: U.S. B , 
By-Product Coke and Coking Operation: Trans. A.8.M.E., Vol. 39, 1917, p. 897. Resting ‘este of Lignit : U.S. Bureau of Mines, Bul. 
Sa, ’ »° 4 a f 9 Ss . 
Metallurgical Coke: Bureau of Mines, Tech. Paper No. 50, 1913. . Dawbuation of he on gga na oo of Mines, Bul. 14, 1911. 
Smokeless fuel, manufactured from bituminous coal by a semi-cOkIn Ape, 1023, p. 256, , Apr. 8, 1919, p. 525; Dec. 16, 1919, p. 798: Com- 
process, has made its appearance on the market. Although the intre tle Char, O. 2. Hood, Mech. Eng’r’g., May, 1923 
duction of this fuel is a step toward the economic use of one of our greate t ‘ 
natural resources, only & small quantity of it is being produced. 


fuel of this class, and one that demanded a great deal of attentio 


during the war, in manufactured under the trade name of carbocoal. 


\ ie Carbonieation as Applied to Power Plant Practice; Power, May 29, 1923, p. 8 
end ‘omy Gasifeation of Coal: Combustion, Feb., 1928, p. 105, 
daillation Producte of Coals N-HulAx, 1028 Roport, Part A, ps 810. 
i ’ 





































Peat, or Turf, is nothing m 
hile ogy containing roy one ae a nN 
' " Bet aw ae content, it is unsuitable for fuel abi ee 
Ee ieialy dit ; sat at present, though the deposits are po 
Slisee ot uted, and its possibilities are beginning to ate 
wv engineers, It is estimated that there are 13 billion 


e -— : 
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-bearing lands within the 
ompressed into briquettes, 
boiler fuel in this form is 
been obtained from the 


44 


tons of peat on the 20 million acres of peat 


United States. When properly prepared and ¢ 


peat is an excellent fuel, and its adoption as 4 
Excellent results have 


TABLE 3 
PHYSICAL AND 
aes PROPERTIES OF WOOD AND ALLIED §S 
UB: 
(Compiled from Various Government Publications) Mth a 












| merely a matter of cost. 
' combustion of peat in the pulverized form. Table 2 gives the analyses of 
3 of raw peat. The dry pulverized peat contains Weight per Cu. Ft. |. Chwatetiaveds #atine 
Wood Value (Dry) 















a few typical sample 
and 0.4 per cent sulphur, and Agila hh Sa Se 
Mie Teled 7 +) eens per Lb. 

























































about 3 per cent moisture, 10 per cent ash, 
has a heating value of 9000 to 10,000 B.t.u. per lb. er Lt 
Peat Resources of the U. S.: Combustion, Aug; 1922, p. 70. Lb. Dee. ies gadis rg Ash 
The Uses of Peat: U.S. Bureau of Mines, Bul. 16, 1911. bh, whit rent woe 
Production of Peat Fuel: Combustion, Sept. 1922, p. 135. ! . ARERR 47 8210 | 49.7 eee’, 
Na Wl, Whito.,.. ss... 00. 54 8063 | 51.64] 6.26 | 41-451 0.65 
19. Wood, Wood Waste, Tanbark, Bagasse. — Wood, as utilized com- Map White............. 3 7958 | 49.77] 6.49 ie 0.65 
mercially for steam generating purposes, is usually a waste product | PRRRRRERS 47 ar pe 6.37 | 44.46 ce 
from some industrial process. Thus, in the vicinity of lumber camps, Mihi ds 2. 2 53 8105 20 35 6.87 19 3 ee 
undesirable tree trunks, boughs and branches constitute this waste, while bark yi 8285 ea 6.42 | 41. 3 008 
in sawmills and woodworking establishments the refuse material is SAW- WBN MMR Wilnok,.....0..000000.. 4 7980 be oan pe: 0.48 
dust, shavings, slabs, blocks and edgings. Chemically, there is very 7 =0C (aw 61 a 2 55| 6.61 41:38 oie 
difference between the various kinds of wood, but physically the variation I pion e 7988 ws Pe pe op 0.15 
is a wide one, particularly as regards the moisture content. The heating WHI ccs 54 ous 3 a 6.59 | 42.73 024 
value of dry wood ranges from 7300 to 9900 B.t-u. per ib, and, contra a 8176 | 52.55 6:08 4138 agi: 
to general supposition, hard wood gives less heat than soft wood. Ordi-+ 49 oa 52.60] 7.02 | 40.07) 03 
value of wood is considered equivalent to 0.4 that of VSUE ENE, ee ae ek whe PR Sk a! 51.64) 6.26 | 41.45) 0.65 
tal divled).......... 56 lb. per bushel 8160 ue | Goyal 






narily, the heating 
bituminous coal, bu 
greatly influences t 


t this is a very rough rule since the moisture content 
he amount of heat available for steaming purposes. 
In order to produce a fuel of more uniform size and one that is more readily 

slabs and stocks. Th a 


handled, many mills “‘ hog” or macerate the logs, 
hogged wood, mixed with the sawdust and shavings, makes a very de- 


sirable form of fuel. The moisture content varies from 20 to 60 per cent 
with an average of about 45 per cent. A cord of wood equals 4 by 4 by ee iced ae tinh thy 
e same manner that coke i 

is 


8 feet, or 128 cubic feet. From 55 to 75 per cent of this volume is solid een coal, It is seld 

wood, and the remainder interstitial spaces, the smaller value referring ih la & waste by- bee — used for steam generation except in plant 

to sizes between 3 and 6 inches in diameter and the larger to “ timber ’ bark | tho fib ‘ead duct. . 

cords, On account of loading, transportation, and storage limitation # lidustry, The or of bark remaining after its use in the 
wood waste is rarely burned, except at the mill or plant. Wood furnish w we that of the Abie. sit analysis of dry tanbark is practicall 

only a small part of the fuel used for power plant purposes. ee plato ‘s about ae sn it is taken, and its heating ee | 

Hogged Fuel; Power Plant Engineering, Apr. 15, 1922, p. 407. ' the vale, in very wet Toinlasiebatn ce t lb. Tanbark, when removed 

Burning Sawdust: Power, Dee. 31, 1921, p. 914. fed to the furnace in this “havemsg about 65 per cent), and it is 

4 ‘ moth Aaa beamed’ comethtee Plants: ‘Mech. Ingres Tus SG fle pees because of 5 ae pe “9 
, shou, ent, an 

ied use, t.u. per Ib, Tanbark is an unktnaelliaeal fuel 


wea Puel) Trans. A.S.M.B., Vol. 20, 1909; Vol. 30, 1910 


itty, compressed) 
pe 6-8 lb. per cu. ft. 6500 
9500 | 51.80) 6.04 | 40.74) 1.42 


















Wilnedried weed I i 
148 a moisture content of i 
Aly dried, about 12 to 15 per cent, and cies wih agen: 
per cent. 
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Bagasse, or Megasse, 


as it is sometimes called, is refuse sugar cane gem ts properly fired. In th ; 
and is used as fuel on the sugar plantations. The chief constituents are Mittuminous beds, the ash is rractory @ 0 to #100 deg. fa), giving 
(1) fiber, (2) sucrose, glucose and other reducing sugars, and (3) water. Berouvis from fusion» Phe: bulle oth ackglyti aoa 
The fiber content varies from 50 to 60 per cent of the total weight; the lwye medium ash fusibility (2200 to pbttriee, faba eepariec 
sucrose and other reducing sugars from an almost negligible quantity to Western region, the ash fuses readily (1900 iv oes ahs), Cline 

. . . e 0 

tie fuels give the best results when handled on oe ners geen. 
ear them- 


d the water from 40 to 65 per cent. When bagasse is fired 
pelyes of ash continuously. With cok- 








































































































10 per cent; ani 

in the raw state, the gross heating value varies from 3600 to 4800 B.t.u. 

per lb., depending upon the moisture content. In the dry state, the lie coals, the fuel bed should be ¢. 90 

heating value is approximately 8300 B.t.u. per |b. Bagasse is burned Meilated during combustion; with f fs a4 4 

either in the raw state or after being wholly or partially dried. One ton Haining coal it should not ee Gaubed. gga aa i 
of Louisiana sugar cane generates from 1.16 to 1.44 b-hp. It is thus seen, Hi, Calorific Power of Solid’ Fuels it a H 
considering the thousands of tons of sugar cane raised, that bagasse is an Tho heat liberated by the com let Sa 60 Aer 

important fuel in the sugar house. Pibuation of a unit weight of fuel © 84 ols 

Bagasse as a Fuel: AS.M.E., Vol. 39, 1917, p- 611. polled the heating value, or pninia 53 m 

The Heat Value of Corn Power: Aug. 8, 1922, p. 211. power, of the fuel. The aii accu i 3° 10 : 

20. Clinkering and Non-Clinkering Fuels. Clinker is formed by the Wethod of determining this ip ei is ii 
mechanical adhesion of the particles of ash or by the fusion of the as fw «© wolid fuel is to burn see . : 23 AG: Kee 
itself. From the operating standpoint, the clinkering characteristics of Minple in an atmosphere of ox a 3 i 3 
a fuel are of greater importance than all others, with the possible exception # Millable calorimeter. An sitecnats “a # hE 
-of the caking, or so-called “ coking,” properties. The standard ash Wieihod is to calculate the eke wh sibs “Posing Temperature of the Ash, 28 

yale from the ultimate saslenia: Fig. 9. ih pede tion of 
Fusing Temperature of Peele ea 


ean rw ‘may be obtained t C 

wnpirical formulas based u a ey ee 

—* analysis. Bon niutsin a | avers 

wilong's formula is the | 
generally accepted rule f 
J ’ iT ; : ; 

tiie value of coal. It is based on the assumption Suna ie ae - 

e oxygen 


fusion temperature is taken as 2450 deg. fahr., with a variation of 
degrees plus or minus. If the ash-fusion temperatures are below 240 
deg. fahr., the fuels are classified as clinkering, and if above 2500 degree 
as non-clinkering. Hard clinker is formed by the direct melting of the 


ash or of some of its constituents. Tt hardens while in the ash on th 
while on the grates, but hardens 


grates. Soft clinker remains molten 
when its temperature is sufficiently reduced. All solid fuels containin the fuel, and enough hydrogen to unite with i : 
the rate of combustion is s i Weiler, and that the remainder of the cient m Pe Agee 10 he 
Wiiphur ave available for oxidation, thus: gen and all of the carbon and 


ash will clinker when 
whether the resulting ¢ 


only by actual service test. 
not particularly objectionable, while small amounts of pasty slag 


give much trouble. There appears to be no definite relation between 

chemical composition of the ash and its clinkering properties, because ¢ {, Hl, O and 8 refer to the proportion b i 

the influence of such factors as construction of the furnace, combustion gen, aod sulphur in the fuel. y weight of carbon, hydrogen, 

space, draft, cooling action of the erates, and the like. As a rule, ash paling values calculated b ; 

that is high in silica contains little iron and will not fuse easily; but if th ) ealorimetric eS Dulong’s formula fail to check 

silica decreases and the iron increases, fusing will take place at a lov f}) The heating values of shea - 

temperature. ive some idea of the relation 6 f are not accurately established 2 pigs hydrogen, and sul- 
fiat from those given in the formula, © true Taine caey enaee 


The curves in Fig. 9 gi 
fusing temperature of ash to the pereentages of silica, iron oxide, and 
phur, ‘The softening or 


fusing temperature, as determi i Th the fuel bulleti 
tory, is & measure of the clinkering quality of the fuel, as ash that giv # formula ls ody the U. 8. Geological Survey and the Bureau of Mines 
a fusing lomperature above 2700 deg. fahr, will rarely give trouble if : 


hd @ 14,544 C + 62,028 (H = 0/8) + 4050 8, 
—=— | . 


e or not can be determine 
-adhering clinker 8 
aD ee hy = 14,600 C + 62,000 (H — 0/8)+ 4000 8, 
, (4) 


which hq = heating value in B.t.u. per lb. of fuel 


linker is objectionabl 
Large amounts of 
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_ (2) The heatin 


necessarily that o 
tion or evolution of heat during formation of the compound. 
+ in the ultimate analysis is determined by 


throws the summation of all the errors in- 
determinations upon the oxygen. Furthermore, the 


(3) The oxygen conten 


difference. This method 


gem sna ts as it 
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curred in the other 
assumption that all of the oxygen is ¢ 


water is not true, since some of the oxygen may 
in spite of these objections, extensive investigations show 


ives results which agree substantially with calo- 
for all ordinary coals. With lignite, wood, and 
and with some fuels high in hydrogen, such 
e not reliable and may be considerably in 


However, 
that Dulong’s formula g 
rimetric determinations 
other fuels high in oxygen, 
as cannel coal, the results ar 


error. 


Numerous attempt 
for calculating the heat value from 


sults have been decidedly discordant. 


g value of an element 


f the same element in the free state, because of absorp- 


sistent results when applied to certain 


given district, but as genera 
In this connection may 
Lord and Haas, 
When a series of tests is 
it is of considerable importance 
ately after completion of the run, in 


may be 


desirable to determine 
as little delay: as possible. 
simplest, and a fairly accura 
for the combustible. 


tests or from results pu 
heat value of the com 


the average 
Government reports and other sources, is 14,300 B.t.u. 


used in the succeeding tests. 


as compiled from 


per |b. 


With the 


value varied less than 2 per cent fro 
re did not exceed 3 per cent. 


departu 


4 


in the power plant lal 
show that the heat value 


1 Atoam Boiler Heonomy, 


* ‘Trans, A.AM,1,, Vol. 27, 1897, p. 259. 
a University Engineering Experiment Station, Bul. 87, 1909. 


Ttondus do L’ Academie des Be 
AMM, Vol, 86, 1014, p. 189. 


s have been made to establish empirical formulas 
the proximate analysis, but the re- 


] laws they may lead to serious error. 

be mentioned the investigations of Mahler,* 
2 Parr and Wheeler,’ Goutal,4 and Kent.° 
being made with a view of improving efficiency, 
to have the results of each test immedi- 


order that the information gained 


the heating value of the coal and ‘ cinders” with 
If the source of the coal supply is known, the 
te method, is to assume a fixed heat value 
This may be obtained from results of previous 
blished by the Bureau of Mines. For example, 
bustible for a number of Illinois coals, 


exception of a very few samples, the actual heating 
m this average and the maximum 


joratory of Armour & Company, Chicago, Illinois, 
of the combustible in the refuse or clinkers is 


R. T. Kent. John Wiley & Sons, Inc., 1915, p. 148. 


in a chemical compound is not 


ombined with hydrogen to form 
be combined with carbon. 


Many of these rules give con- 
classes of fuels or to fuels from @ 


For this reason it is particularly 


Extensive experiments conducted 


jonces, Vol. 135, p. 477. 
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Molution. — Proceed as in tabular chart. 
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Assuming a fixed 
» 14,800 x ORIG at value for the combustible 


1 (©) Ultimate analysis from chemical tests. 


hey fuel used, 


4 and 5, 


/ Maximum efficiency, coal should be uniform in size 


af | I OSBLOB. woo nae Bans fo 
{ ee om Dulone’s (opm oP eee ra Tila: 
ve é oo + 62,000 X 0.0326 + 4000 
a) A m 14.600 SOE aa.o00 Bt: MOM Redicsvires 5s 11,623 —1.96 
; (0.0485 — 0.0775/8) ....... 
i“) he 00 Oak fee ee 12,053 +0.80 
i — 0.075 
Actual value from eR eS Ng NE sa i167 “So 
paar abaethaate as GSP : 0.00 
* (o) Ultimate analysis calculated fi i 
1 ()) Ultimate analysis caloukted oun piste es ew sil -apmabrcoms hits : 


ond (/ravity Studies of Illinois Coal, Univ. o {¢) uly 
. S , Univ. of IIl., Bul. No. 44, J 3, 1916. 
wht wW Various Coals; Bureau of Mines, Tech. Paper, No. 184 re 

? ? ? 4 


firiiaoow there is usu imi 
ally no limit to its finenes 
. s, and la: i 
- aw atokers, ved a rule, the croon tenis of a ante es 
decreases, is is due to the fact th 
. t 
os, weparated from larger coal, or which Ben Be ol Ma = 
" A vai ry naturally finds its way into the smaller oid 
} aptled for a given case is dependent upon the intensity of 
atoker or grate, and the method of firing, and its proper 
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ul 1, a raging 14,100 B.t.u. 
d rom t 


Calorimetric d inati 
ric determinations i 
are necessary In a 
tn required. sary in all cases where accuracy 


Example 5. — A : 
dda pproximate the heat ack 
fs ie in Example 1) from the Laie acsd olin sialyl Oe eel eves 


B.t.u. Departure from 
Lb. of Coal Calorimeter 


WY, Mixe of Coal, — Coal i 
‘oal. Joal is marketed in different si i 
plo horoonings. The latter furnish by far the cP pita 
ong ll fa igs aot ete ice so much, according oan 
y, t here genera i 
Harte recommended by the ASTM. oy ope tas e 
: .8.M.E. are given in 


With hand- 
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wwlection often affords an opportunity to effect considerable economy. 
‘The influence of the size of screenings on the capacity and efficiency of a 
hoiler in a specific case is illustrated in. Fig. 10. The curves are plotted 
from a series of tests conducted with Illinois screenings on a 500-hp. 
I), & W. boiler, equipped with chain grates, at the power house of the 





TABLE 4 


ANTHRACITE COAL SIZES 
A.S.T.M. Standard 


















































































































Diam. of Opening ‘Throgh oF Over Commonwealth Edison Company. For sizes of washed coal see para- 
1¢) id 
Ll wee eee Will Pass, Trade waie® "Inches graph 23. 
| Faery Inches ; ae a ——— Selective Preparation of Boiler Fuel: Combustion, Feb. 1923, p. 98. 
\ eS ar iy, Through Over 
h ver . . 
irae Ws sil a al ™, Washed Coal.— Coal is washed for the purpose of separating 
ae Piven: 4h 3t_ || Buckwheat #1 (Buckwheat) } i from it such impurities as slate, sulphur, bone coal, and ash. All of 
Broken.....--- 1 2% || Buckwheat #2 (Rice) .-.--- $n, te these impurities show themselves in ° 
Bgg....------: 3 14 Buckwheat #3 (Barley) . .. - ts , : me, 
Stove...------ 4 a Ctltn ys cee By ve the ash when the coal is burned. 1 TA 
Chestnut....-- H 3 Mereonings contain anywhere from 5 
3 ie CS + 
are i Peer be a vent to 25 per cent of ash and vy +--+] 800 
: i | per cent to 4 per cent of sul- Lf To 
TABLE 5 phur. Washing eliminates about 50 *® im = co? 
pe cent of the ash and some of the . |/—— pice 2 
BITUMINOUS COAL SIZES “a ; 2 I 
A.S.ME, Standard ' Milphur. The evaporative power of 8, ™ 
.S.M.E. - a ° ° : § |_|] 400 
1 ee ee CN MELE oombustible is practically unaf- * [Eee iia or ps He Captetty 5o 
Diam. of Opening Through, or, Over tod by washing, and the greater #2  |itathe'Stfratetooysi-m:; wg 
Through or Over which Coal Will Pass, Cd © 49 | Superhepting Surface 1900/Sq) Ff, 25 at 
which Coal Will Pass, Trade Tnohee | of the water taken up by the & ita [ wal 
Trade Inches Name eS eee : | Agh [Content 3 
Name AS ied ae . | ome is romoved by thorough drainage. : 
Through | Over ANS Wy coals, otherwise worthless as petals 5 
i Couls, are rendered marketable =. 1.00 0.75 0.25 


0.50 
Size of Coal in Inches 


Eastern Coals Wishing. There is no recognized yg. 10, Influence of Size of Coal on 











lard of sizes for washed coal, Boiler Capacity and Efficiency. 
‘ Ae Se are 1} 4 the eiten and grades varying accord- 
Run of Mine = ape Slack. a bunts oh oe | 4 | i ( kind and locality. The following sizes apply to Williamson County 
IE e , but give some idea of the average dimensions for other localities: 





Through : Over 
§ cai Ph TRE IND ORG eee R ERs 5 ae eee sire’ 4 eee ; $ 
Run of Mine As Mined No / Ae round holes tin. round holes 
‘a th | | 1 -in. Vinee gins ( ily 
per ipin.. BY 14 ; fin if Lin, ‘ ee 
; ris -in. ‘ 


Washing in Illinois: Univ. of Ill, Bul. No. 9, Oct. 27, 1913. 


election and Purchase of Coal. — Perhaps no single item in the 
on of an existing plant, or in the design of a new plant, affords 
#0 opportunity for effecting economy as the selection of fuel. Care- 


TPC TCT 
BS paniie 





1 ome (#1). 
| ec] | 
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wn that almost any fuel can be efficiently 


burned in suitably designed special furnaces; therefore the problem of 
selecting a fuel for a proposed installation requires experience with the 
different kinds of equipment, in addition to:a thorough knowledge of the 
characteristics of various fuels. For existing plants, the problem is largely 
a matter of testing. In many cases it has been found advisable to rede- 


sign furnaces to utilize a low-gr 
pensive coal. The following information is useful in deciding on the coal 


best adapted for a plant %y 

a. Type and size of boilers and furnaces. 

b. Load conditions, average and maximum loads. 

c. Draft available and method of control. 

d. Character of coals offered or available. 
Moisture and its effect on weight of combustible. 
. Volatile matter and its relation to type of furnace. 
. Ash; its amount and its fusibility and tendency to clinker. 
. Sulphur; the amounts and how combined. 
. Heating value, calorimeter determination. 
. Coking qualities of the coal. 
. Storage and tendency to spontaneous combustion. 
e. Relation of the size of coal to the equipment. 
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ful investigations have sho 


On Pwne 


After the desired grade of fu 
- to enter into an agreement wit. 
particular fuel may be depended upon. 
sidered in the specifications are: 
a. A statement of the amount and c 
b. Conditions for delivery. 
c. Disposition to be made of 
d. Correction in price for varia 
and ash content. 
e. Method of sampling. 
f. By whom analyses are to be made. 
In specifying the character of the co 
plant, every easential requirement of the purchaser may be fulfilled 
confining the specifications to the four following characteristics: 


Moisture, 

Ash, 

Size of coal, 

Calorific power of coal. 


haracter of the coal desired. 


tion in heating value and in moist 


fit 


Pe. 
“1a Purchan of Coal, Dwight Randall, ‘Trans. A.8.M.E,, Vol. 81, 1911, p. 08 


> 


ade fuel rather than to purchase an €X- — 


el has been decided upon, the next step i 
h the dealer whereby the delivery of tha 
The important items to be con- 


the coal in case it is outside the limits specified. 


al desired for the average sma i 
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Altho i i 
- ie _ great and uncertain variable, and the producer 
ey a : ntro over this factor, the purchaser should protect 
oy = Write moisture by stipulating an amount consistent 
es a, om in erent moisture in the coal, and proper penalty should 
a ses in excess of the amount: allowed, a correspondin 
on ine _ . delivery of less than contract amount. Consider. 
Be sssank ci carey cantict vavelty ekveetraa ae 
Doce the nent ally fixes the heating value of 
- gp partan ~ ecg of the combustible is practically constant. 
te of Illinois screenings, as 
Wiel under a B. & W. boiler 
1h chain grate, is shown in 
_ tt, This value varies 
the different types of 
fs, “rates, and furnaces 
le substantially as ithis- 
. ‘The amount of refuse 
the aehpit is always in 
of the earthy matter as 
ful by analysis, except 
(he amount carried 
i) the bridgewall is very 


100 


90 





80 











a 
co 





2 
s 








a 
Ss 














Comparative Value 


- 
S 














& 
iJ 








Influence of Ash on Fuel Vali 

Coal.(Illinois Screenings) ov 

z & mis Boiler, Chain Grate. ¥ 
creenings with 

pris ity ith 12,5 Per Cent Ash 


of Dry 


8 


maximum allowable 
Mi oof sulphur is some- 
specified, since some 
mf coal that are high 
Hur cause considerable 
~ Sulphur, however, 
#!waye an indication of a clinker-producing ash, i 
| - etl ao classify a coal as clink 5 nostisAbelied aap 
dl copie he the particular furnace in question, itteabonibee 
vi ulphur present. An analysis of the various consti 
of the aah is necessary to determine whether or not th vat? 
with them to produce a fusible slag; and as such pie 
mit of the question on account of the expense ith rns oe 
| tw omitted, Ash fuses between 2000 and 3000 d mf rae 
a objectionable clinker is to be avoided dos eae 6 
mporatures below the fusing temperature. §S ‘ 
an “aah fusibility’”’ clause in their coal ve He a 
value of the coal, as determined by a naisonill an 
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loursS, W. E.Oct,1906) P.542, 
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Per Cent of Ash in Dry Coal 


Influence of Ash on Fuel Value of 
Dry Coal. 


Fig. 11. 
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(a) Complete combustion may be obtained. The fuel, in the form of fine 
lipalpable dust, is forced or induced into the zone of combustion, where 
teh minute particle is brought into contact with the necessary amount 
of air, and complete oxidation is effected with minimum air excess. 
(bh) Overall heat efficiency is increased. Heat efficiencies of boiler, fur- 
fee, and grate, as high as 85 per cent have been obtained on test with 
wokoreired boilers; but with normal operation, considering all standby 
loween, overall efficiencies seldom exceed 78 per cent, and this only in the 
very best practice where highly skilled help is employed. With a cor- 
yeotly designed and properly operated powdered fuel system, efficiencies 
i huh as 87 per cent have been obtained on test, and overall efficiencies 
we high as 80 per cent have been maintained on continuous operation. 
With feedwater economizers and air preheaters, efficiencies as high as 93 
jr vent have been recorded. 
(©) A cheaper grade of fuel may be burned. In fact, some grades of fuel 
Which ave burned with only moderate success in bulk may be efficiently 
wiined in the powdered form. With stokers and hand-firing, the 
lov, furnace, and grate efficiency drops off with the decrease in heat 
tw of the fuel, but such is not the case with the powdered product: 
tore: fuel practically eliminates loss of combustible in the ashpit. 
(1) The fuel and air supply may be readily controlled to meet the fluctua- 
» in load, A heavy overload can be quickly taken on, or dropped, 
wil the waste of fuel that frequently occurs under like conditions in 
¢ practice, During banked periods no fuel is fired. Both the stack 
jer and auxiliary air inlets may be closed tightly; hence no air flows 
iil the furnace. The standby losses are reduced to a minimum. 


atmosphere of oxygen, does not give its ee, ee aah 
i i the composition of the fuel, charac 
since this depends largely upon et a ai 
iti f operation. It serves, however, 
grate, and conditions 0 at aed 
i i f the furnace. In large p ; 
which to determine the efficiency 0 ‘fu posh iene 
ilable, it is customary to conduc 
number of grades of fuel are aval i ; eke 
i i d sizes, and the one that evap 
of tests with the different grades an , mn pita 
i f money, other conditions perm 4 
the most water for a given sum 0 2y, | in Te 
In designing a new plant, par : 
the one usually contracted for. ew Ragen 
i i formance of similar plants already 
tion should be paid to the per 
ear atin and the fuel and stoker that are apr to give <a “and ei 
; lected. Where smoke prev 
the money should be the ones selec’ 
Lhelatty ie smoke factor greatly influences the choice of fuel and 
’ 


stoker. 


45 8B t Sol 
A Rational Basis for Coal Purchase Specifications, E. B. Ricketts, Proc. Am 


‘ng Mat., Vol. 22, 1922, p. 557. : 
big hag Btw. and "Cost Determine Value of Coal: Power, Sept. 18, 19238, p. 448 


25. Powdered Fuels. — Practically all solid fuels can be be oigge 
ciently when finely ground or aaa ee obec’ as com ie 
boiler and furnace efficiencies realize a 6 
equal to those obtained in the best oil-burning p - ; 2 to 3 an 

i than those of the best stoker-fired plants. e problem, 
pay me a fuel should be Bin zt pat or sire 6 nis te ae 
financial one, in which increased heat ell ciency er 
the ultimate cost of obtaining this efficiency. Eac a a. aie 
its advantages and disadvantages, and what may be of sma va 
i i i ove a serious drawback in another, so that h 
ea rine problem must be carefully studied before oa 
telligent choice can be made. Numerous cases may be cited od a 
anthracite, all grades of bituminous, lignite, and peat nteegiy — 
results when burned in the powdered form; but the wort ae’ o 
developed to the point where sufficient data are availa a hn ail 
clusively that the same results could not have been re as hi p 
installed and operated stoker-fired plants. In view 0 pele 
velopments, it seems probable that within a few years amie Se aa 

supplant the mechanical stoker in certain fields, while in 0 oe 

may extend its service. With low-grade igranigied ie 8, ae 

culm, lignite, and peat, dust firing appears to have t . my a es 

with a good grade of bituminous coal, anthracite, and co a 7 
plant is still the _ ener intel my 

: « very low and the standby 

Penal tes odvaniace obtained in burning powdered fuel are as foll 


F ‘ 
ew . 
. Ses 


The factors which must be considered in connection with powdered 
, wid which may affect the problem of selection are: 


") Pirat covt of fuel-preparation plant. There is no question but that 
fel cont of the equipment from “ coal car to ash car” is greater for 
{ ting the powdered fuel than for the stoker-fired plant, but the 
jw in cost depends upon so many conditions that general figures 
wf little value, 
) See of plant. The minimum size of boiler plant which can be oper- 
Hore economically as a pulverized-fuel plant than as a stoker-fired 
Hepends upon whether the fuel is prepared in a central plant or in 
Weealled “unit” plant. (See paragraph 113.) For the central 
tile minimum has been placed as low as 500 and as high as 3000 
‘yeted capacity, Unit plants as small as 100 hp. are purported to 
woleal returng on the investment, The market price of the 
dont of fuel and labor, and the load factor of the plant are the 
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controlling elements. The largest powdered-coal-burning plant to date 
is that of the Cahokia station of the Union Electric Light & Power 
Company, which is to have an ultimate capacity of 300,000 kw. 

(3) Space requirements. The extra space required to take care of the 
fuel-preparation plant may prove an obstacle to the installation of such 
a plant; but a study of the latest powdered-coal central stations will show — 
that in a modern boiler room, specially designed for powdered fuel, the © 
entire apparatus may be compactly housed. 

(4) Cost of preparing powdered fuel. The cost of preparing powdered 
fuel, exclusive of fixed charges, depends largely upon the initial condition 
of the fuel, desired fineness of the powdered product, size of plant, cost — 
of fuel and labor, and the quantity of fuel handled. In plants under 
2500 b.hp. rated capacity, the operating cost of firing fuel is generally 
greater for the powdered equipment than for a modern stoker installation, 
but in larger plants the cost is approximately the same. The average 
cost of preparing powdered coal in a number of plants of 9000 to 2500 — 
rated b.hp. (year 1923) ranged from 35 to 60 cts. per ton; this covers the 
entire cost, including fixed charges, from the unloading of the coal to its 
delivery in the furnace. 


Cost of Preparing and Delivering Powdered Coal to the Furnace: Bureau of Mines, 
Bul. 217, 1923, p. 100; National Engineer, Nov. 1924, p. 528. 


mah oc i 
le —— y. a revit discharged through the stack into the 
i erial discharged is very fine and fl 
“owe occulent, and 
eet eae apt S = corre > cg in the air until online’ pos 
ure. iddletown Plant of the Met li i 
lle: etropolitan Edison Compan: 
g in the flue gas is removed by ci i arait 
thmpaetie! oved by cinder-vane induced-draft 
" le enton Channel Plant of i i 
i) \s precipitated electrostatically. ne eee te 
1) Over } i i : 
od shang capacity. Boilers equipped with powdered fuel furnaces 
oa eb eiige hero overload capacity of underfeed stoker 
ut that is m i i : 
ota “say erely a question of design and not an 
Mee paragraph 115 f 
par or powdered-coal furnace } 
“ — of powdered-coal handling systems ihe st See 
ite Nange of Fuels Possible throu Lzate 
gh Pulverization: i 
nad Fuels in Central Station Boiler po snetny He aa ip ae 
wheerved Fuel: Report of Prime Movers Committee, NELA Sept PEN a 


LIQUID FUELS 


Be desig sc wre bey liquid may be burned efficiently in a 
Wi fuels from the pi rath ri i be os ead 
th the exception of aa il fa ike Sealey yn de 
petal Pipa s, they are usually too costly for steam 
_ y plants. Vegetable and animal oils, and even 
, hwyve been burned commercially in power plant byadin but 

? Whtwual conditions. Mineral oil, or petroleum, fu ish ’ 
Heater part of the liquid fuel used for power sae e i ee 
ele 50 per cent of the annual production of mpc 
ie aa fuel, but improved processes of “ cracking ” are re iting in 
¥ ylolda of gasoline and the lighter distillates, so that the pes i 
. on or fuel oil is becoming less as the art of cracking ty 86. 
wh recognized for years as the paramount fuel of mari te 
Par tioularly of navy requirements, and so vital has its: use be sce 
feelion that it plays an important part in the policies of natil va 
# ‘matter of international concern. Of course, there i inhes 
lity that new fields may be opened up, or that oll ma ‘ pial 
frtieod from oil-shale lignite, or coal, or from icidelalal MIE 
{it le doubtful if the ultimate quantity will ever be great ee 
enough, to compete seriously with coal for sthtioha elk 
eli zones. Oil will be used where it is the pide: es 
jont souree of heat and power, because of absence or inn , 

of cheaper fuels, and where the use of oil as fuel entail 
tonne of disposing of excess accumulations of crude oil, 


(5) Maintenance. As most of the pulverizing-plant equipment is of 
the slow-moving type, the maintenance cost may be kept to practically 
that of the coal- and ash-handling equipment of a stoker-fired plant of 
equivalent size. Much trouble has been experienced because of the 
rapid destruction of furnace brickwork in improperly designed powdered- 
fuel furnaces, but the latest installations show that the maintenance cost 
of the refractories is no greater than with stoker firing. 

(6) Storage. Large quantities of powdered fuel cannot be stored econom- 
ically for any great length of time, because of its hygroscopic properties: 
and its tendency to pack when moist. Many cities limit the storage of 
powdered fuel to such small quantities as to interfere seriously with 
operation in case of breakdown to the pulverizing or drying system. In 
the modern powdered-fuel plant, sufficient reserve capacity is effected by 
intermediate storage between furnace and mill. 

(7) Slagging. At high boiler ratings, with fuels having a low fusing 
point, considerable slagging of the ash occurs. This molten slag is very 
destructive to the brickwork with which it comes in contact. The same 
objections, however, hold true for stoker-fired plants. In the latest i 


, no trouble is experienced from slagging. 
“(B) Awh discharge into the atmosphere. From 10 to 30 per cent of the: 
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58 STEAM POWER PLANT ENGINEERING 
residue, or distillates. 
low-pressure steam gener 
considered in this connec 
power house. 


cluding stocks on hand at refineries. Many centers of distribution, 
however, are remote from refineries. Tar and tar-oil obtained as a by- 
product from gas works, petroleum distilleries, and coke ovens, are ex- 
vellent fuels and may be burned in much the same manner as fuel oils. 
Hecause of the valuable “ coal-tar ”’ products obtainable from the crude 
(ur, it is questionable if the cost will be low enough to permit its use as a 
hoiler fuel, except possibly in the immediate vicinity of the producing 
plants. 

#8. Physical and Chemical Properties of Oil Fuels. — Petroleum, or 
frude oil, as pumped from the wells, consists principally of carbon and 
hydrogen, together with small amounts of oxygen, sulphur, nitrogen, 
Water in emulsion, and silt. The oxygen and nitrogen may be classified 
With the moisture and silt as inert impurities. The sulphur, though 
fombustible, has a low calorific value and is otherwise undesirable. It is 
finmon practice to divide crude oils into three general groups, as (1) 
jwrallin-base, (2) intermediate-base and (8) asphalt-base. This classi- 
fiwation is one that is not always applied accurately, nor are authorities 
freed as to what properties are characteristic of the several groups. 
fh, W. Dean, Petroleum Chemist, of the U. 8. Bureau of Mines, believes 
{hat the determining factor which should be accepted is the relative con- 
tet of hydrocarbons of two distinct chemical series. On this basis it may 
tw slated that paraffin-base crudes are those containing relatively high 
pereentages of aliphatic hydrocarbons (the aliphatic series includes the 
rallied paraffins) and low percentages of cyclic hydrocarbons (the 
Haplithenes are cyclic hydrocarbons). Naphthene-base crudes contain 
lively high percentages of cyclic and low percentages of aliphatic 
Pron Intermediate-base crudes are, as the name indicates, 
ferimediate in properties between the two extreme classes. 

‘The mont clearly defined property that serves to differentiate the classes 
(hat of gravity. Paraffin-base products of a given boiling range have 
specific gravities (high Baumé gravities), whereas naphthene-base 
Hinton of the same volatility have high specific gravities or low Baumé 
Ville, ‘The property of viscosity also serves as a distinguishing 
i!y, ue paraffin-base oils have lower viscosities than naphthene-base 
liiele of the same volatility. This is in line with the generally recog- 
| faet that naphthene-base oils have lower flash points than paraffin- 
‘ile of the same viscosity, From Table 6, it will be seen that the 
{6 chemical constituents of the various grades and classes of mineral 
vary but slightly, while the physical properties vary widely. For 
, the crude oils analyzed in the Table differ greatly in volatility, 
gravity, and viscosity, but have approximately the same percent- 
warbon and hydrogen, 


The use of fuel oil for domestic heating and other 


ators is rapidly increasing, 
tion differ widely from those a 


but the factors to be 
ffecting the large 





Productive ata ! r 
Non Productive ZA re “Se 


Fig. lla. Oil-field Groups of the United States. 


gah Most of the oil fuel consumed in the 
f the manufacture of gasoline from crude 
¢ crude oil are burned as mined, 
The greater part of the supply 


27. Source of Oil-fuel Suppl 
United States is a by-product 0 
oil, though some of the lower grades 
with only a small amount of ‘‘ topping. 


During 1923 
Production By States of Petroleum 
Approximate 1 


el: 2 gal. 
Ohio 7,100,000 
California 264,000,000 Kansas reer a ‘aa 
8,800,000 Montana 2,600,000 
8,100,000 Indiana haem! 
000 Colorado b 
se Tenn. 8,000 


Klahoma 160,000,000 Louisiana 
‘sow 128,500,000 Illinois 
Wyoming 44,000,000 Kentucky 
Arkansas 34,500,000 Penn. 





rom Mexico, hin 
é lw ts ae monthly reports of the U, 8. Bureau of Mines, 


Garr). 


_- ' 
“wy 
‘ 
= ii 


i i ity impo 
domeatic jon, notwithstanding the large quanti 
| rn es Lioaltion of local availability of oil fuels to 








FUELS 61 





















60 STEAM POWER PLANT ENGINEERING 


Th “ 96 4 ae 
e “ Flash,” “ Fire,” and viscosities are approximately as follows: 


TABLE 6 
OPERTIES OF TYPICAL OIL FUELS 





D CHEMICAL PR Gravit . Ai 
PHYSICAL AN y Flash Fire Viscosity, Saybolt Sec- Btu 
onds at 100 Deg. Fahr. per Lb. 





Arranged According to Baumé Gravity = <ameeias 
10/12 MIT ) 
Chemical Properties 400 4 
1 300 305 one 18,000 


Physical Properties 
18,430 












































Gravity Flash be 24/26 185 220 
Kind of Fuel = |-————— Point, | axoee we a 28 170 205 350 19,290 
3 Deg. | Seconds ia /30 165 190 305 | 19,330 
Baumé|_ __ | Fabr. | 70D pe 32/36 215 ; 
at 60 | Specific! Open | 2 Hetil 155 175 19,410 
Dee. | 00/90 | Cup Fabr. 41 19,610 
r. * 250 deg. fahr. 
Crude oils 
18,478 TABLE 
bain a dot 18,613 _NWLATION BETWEEN BAUME GRAVITY AND A OS 
ie ied eee 16 PER BARREL AND PER GALLON 
Mid-continent. . ’ Doxroes Specific Weight, | Pounds ( 
19,060 Naumé Gravit; J D Specific Wei 
Do ay ? 60° 60" per per egrees G . eight, Pounds, 
Do 19 650 ia / Barrel Gallon Baumé B07/60" wy be, z 
Bastern....-.-- 90'300 ude ty 0 ls ERE Me eae Re 9 | a A ie ht 
re , 10 1.0000 | 350.0 | 8.33 TEM 
, 1 | gma | Ba75 | 8.zr 25 | 0.9032 316.1 | 7.52 
Fuel oils 3.28 | 17,500 12 0.9859 345.1 8.21 27 0.8974 314.1 7.47 
Mexican.....--> 316 | 18,050 1 ik 342.7 8.16 28 eed 312.1 7.42 
Rh oi. « sists : ’ ; 340.3 : . 310.1 7.38 
Be obac 7. 8.04 | 18a Hay ee ee ee 
Mid-continent. . 67 | 18.790 16 0.9589 335.6 799 rs 0.8750 306.2 7.29 
Western.....--- 0.59 | 19,430 \7 0.9524 333.4 7.93 1 0.8696 304.3 724 
Mid-continent. . 0.15 19,235 18 0.9459 331.1 7.88 a 0.8642 302.5 7.20 
aad 0.37 | 19,312 M4 0.9306 | 328.9 | 7.83 33. | (0-8680,). 300-8 fi) 7-3 
soe 0.36 | 19,511 a al Sie a 35 | ois | 2070 | Tor 
0.32 | 19,627 } ; 5 | 7.72 36 07 
Do , 42 0.9211 0.8434 295.2 
Gee | a B) ome | ee) re) 2 | tee) Bet | oe 
Oil tar.....-.---- 0.56 | 15,800 uw 0.9091 318.2 757 30 0.8333 291.6 6.94 
Coal tor.» ice. vo | 19,922 Eee nals Dis es ties 






Kerosene, 150 deg. 
* At 250 deg. fabr. 


+ At 220 deg. fahr. + At 100 deg. fahr. TABLE 8 
ro 
9MPARATIVE HEAT VALUES OF SOLID FUELS AND FUEL OIL 


a 





e average fuel oils in the 





























Very little crude is burned as mined. Th L ape 
Middle West are those which are classified according to their Baumé Hp Vato ‘b. of Solid Fuel Equal to One Barrel | Barrel of Oil Equal to 1 Ton (2000 Lb.) 
gravity as 24/26, 26/28, 28/30 and 30/32. The Mexican fuel oils om ‘uur of Solid Fuel ; 
the Gulf and Atlantic Coast are practically all 10/12 and 14/16 gravity. Ds see Lb. B.t.u. per Lb. B.t.u. per Lb. RE 4 
The ultimate analyses (per cent by weight) of these oils are substantially ee ee 3 por Lb. 
as follows: ost is al 
98/36 Baumé 22/28 Baumé 14/22 Baumé 10/12 Baumé 738 ie 2.37 
656 
87.0 590 re 3.05 
9.5 536 3 50 3.38 
1.1% 492 38 3.73 
0.2 © 454 “ 4.14 
1.0 421 4. is 4.41 
13 393 477 a 
* About 10 dog. Baumé, t About 82 deg. Baumé, 
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Fuel oil is usually measured in terms of barrels of 42 gals., at & standard 
temperature of 60 deg. fahr. One barrel of oil weighs from 310 to 350 lb., 
according to the specific gravity. Compared with coal, oil occupies 
about 50 per cent less space and is approximately 35 per cent less in weight 
for equal heat value. For rough estimation, the coefficient of expansion 

For exact values, 


of fuel oil may be taken as 1/10 for every 40 deg. fahr. 
see Density and Thermal Expansion of American Petroleum Oils, Cireular 


No. 57, and Technologic Paper No. 77, U. 8. Bureau of Standards. 
tion, Jan., 1923, p- 32. 
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fuels can be found only by direct calor 
rmula may 


approximations, Dulong’s fo 

edge of the ultimate constituents of the fuel. 
specific gravity appear to give fairly consistent results, 
applicable to all liquid fuels. For California anhydrou 
J. N. Le Conte gives the following: 


B.t.u. per lb. 
B = degrees Baumé at 60 


= 17,680 + 60 B 
in which deg. fabr. 
Another rule given by 
within an error of 2 per ce 
B.t.u. per Lb. 


Sherman and Kropff, purpo 
nt to all liquid petroleum products, is: 


= 18,650 + 40 (B — 10) 
Other things being equal, oils rich in hydrogen 
value per pound than those rich in carbon, 
barrel of heavy crude oil will, therefore, 
barrel of lighter oil. For general compart 
and fuel oil are substantially as indicated in Table 8. 
For standard methods of testing oil, see Chapter XVII. 
s of Liquid Fu 


and Disadvantage 
eral fuel oil constitutes the gre 
the following statements refer spe 


30. Advantages 
tion, — Since min 
burned in boiler furnaces, 


(2) Vor equal heat values, the space req 
about 50 por cont less than that for coal. 
——-@) The burning of oil causes no 


fiom, 





Present Status of Oil Fuel: Combus 

Manual for Oil and Gas Operation: Bul. 232, 1923 Bureau of Mines. 

29. Calorific Power of Oil Fuels. — The true heating value of liquid 
imeter measurements. For rough 


be used, but this requires a knowl- 
Empirical rules based on 
but no one rule is 
s crude oils, Prof. 


(5) 


rting to be applicable 


(6) 


have a higher calorific 
but a lower value per gallon. A 
have a higher heat value than & 
isons, the heat values of coal 


els for Steam Genera- 
ater part of the fuel 
cifically 


this class of fuel: 
(1) Pound for pound, the heat value of oil is approximately 35 per cent 
rv than that of high-grade coal. 
uired for the storage of oil 


dust or ash; there is no cleaning © 
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(4) There is no loss i 
oss in heat value d i 
() a ue due to deteriorati ile i 
Reg osses are low, because the air ex Lorn mg 
a ~ is reduced to a minimum. _ cee AO 
j ere i ity 
hee is greater adaptability to variati i 
is oe of fires is readily effected. Tiadine ae 
“ earee losses are reduced to 4 minimum 
iler room labor is | i ; 
ee oan er ess than with coal firing, owing to elimination 
\) i i 
()) High combustion efficiency may be attained 


Some of the disadvantages are as follows: 


(«) Insurance liability i 
ility is usually hi 
find insurance . ually higher than with soli . 
ons on 9 ee may impose burdensome a0 fuels. : Civic 
(b) Maintena ocation and arrangement of the storag t ere i 
; enance cost of furn Sas 4 e tanks, ete. 
petlly donigned Sinai laud “9 refractories is high, unless furnace is 
0) The degree of * 
superheat i : . 

Biulpment and load perheat is less with oil than with coal, for a give 

‘ ’ n 


(i) ‘There is an 
re element of uncertai 
Hilies, and extreme fluctuation in an as to the delivery of large quan- 


" Near ly all fuel oil bu p 


The real ecriteri H 
sriterion in the selecti i 
Milne energy i hes ection of fuel is the ulti 
faetorn which vi ne — form; and since this peti anes of pro- 
He Witho ry with each proposed installati s on countless 
out purpose. ation, general deductions 


Pirnaces and Equi 
ui : : 
HF, wna 127. quipment for Burning Liquid Fuels: See paragraphs 116 

P ’ 


l of id 5) “3 ° Re ¢ 
Pravtion Uses o Fuel Oil Combustion Feb 1923 p. 94 
Owl Tar ae a Source of Fuel: Gas Age-Record. July 28 192. 

? a 3. 


M, Colloidal Fuel 
s. — Colloidal fuel i 
wwilered i é : uel 18 a ham i ¥ 
Seine ars % rit oil, which was develapiid in this a iad sero. 
mse Association t : untry by the 
tour in une a; 0 meet wa i 
_ wt “v4 aly bist the elements of the a oa A so-called 
a", ; oils in their natural state may b > Into a homogeneous 
wr is va peat, coke, or wood, to ss mixed with pulverized 
: ) u ; 
dared wei to produce a stable liquid OR eae 
Hwiered product. | The colloidal fuel is fired with Sa stone 
he el. the sel:  sprosicaneey the same overall officiene z ne 
uel is naturally d sal . 
t of the : y dependent u 
constituent fuels, The heat value semen: te 
ume 
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an that of straight oil, unless the powdered component has a 
very low heat value and specific gravity. For example, in a composite 
made up of 35 per cent by weight of powdered anthracite (14,000 B.t.u. — 
per lb., sp. gr. 1.6) and 65 per cent of oil (18,200 B.t.u. per lb. sp. gr. 0.96) 
the calorific value will be 165,000 B.t.u. per gallon against 146,000 B.t.u. 
for the oil. The use of colloidal fuels will effect a large saving in oil. 


should conditions arise which would make this a commercially economical 
procedure. Owing to its solid fuel content, colloidal fuel is heavier than 
water and may, therefore, be stored under a water seal. At this date 
very little has been done with colloidal fuels in connection with stationary 
steam plants. 


Tests of Colloidal Fuel: Power, April 29, 1919, p. 662. 
Plastic Fuel or “ Amalgam”: Power, Dec. 27, 1921, p. 1082. 


greater th 
with an average of about 1100. 


a sad 
- ore. td Natural Gas: Tech. Paper No. 109, 1915, Bureau of Mi 
rm tome Gas: Tech. Paper No. 104, 1915, Dusead of Mi aml 
, roducts from Natural Gas: Tech. Paper No. 10, 1912 sad of Mi 
i, ines. 


mM. iB = 
Re sduct pram? See — As the name implies, blast-furnace gas is a 
Bt 00 re Wee : ast furnace of the iren industry. Coke furnishe 
per ton of pi tae i oa fuel used in this connection, and its consum see 
The lett, . ron varies from 1600 to 3600 lb., with an average of oh: 
aah t of coke gas produced per ton of pig iron varies according to the 
Reahined nme Losier constituents of the flux and coke, weight of oxy; in 
Bing engine gio charged, and the weight of air delivered by is 
70 ou, ft. of gas er Ib of gh approximations, it is satisfactory to allow 
110 Btu ie ; 7 coke. The heat value of the gas varies from 85 
jowltion approxim m ie under standard conditions and ranges in com 
Ses ‘hg r,s as given in Table 9. Blast-furnace gas, as it 
Brains of dust in 2 betta i Pas) cu. ft. containing as much ‘ai 227 
tana bofore it is fed to the Pia dust content is reduced by suitable 

Nurning Blast-furnace Aas 

ge Sey 

ant, Aug., 1922. 


GASEOUS FUELS 


32. General. — Gaseous fuels, on account of their simple molecular 
structure, can be burned readily and without smoke in any commercial 


apparatus from a boiler furnace to a gas engine. Such fuels are in the 
ideal form for perfect combustion, and permit of simple automatic control. 


They have all the advantages of liquid and solid fuels, with none of the 


disadvantages, save that they are not sufficiently concentrated for con- 


venient storage. Unfortunately, gaseous fuels are prohibitive in cost 
TABLE 9 











for steam generation, except when the plant is favorably located wit _. CRRA IA, | hacia. 
respect to natural gas wells or when the gaseous fuel is a by-product from om pee er VE 
some industrial process. Because of the heat losses in conversion fro One Constituents of Gas — Per cent by Volume . ee bare 
solid or liquid to gaseous: form, and because of the plant investment thai ——— Standard 
is necessary, there is no economy in manufacturing gas solely for steam Wins Fuenace...| 11.4 Oh Be SE) Oe | Cm aie a 
generation. The most commonly used gaseous fuels for steam generatio — 10:9 ae a4 oa mY .. |s7al .. | 1021 100 
are natural gas, blast-furnace gas, and by-product coke-oven gas. 4 6.0| 42. 134.3! 2.0! 2100 ay ss 96 | 94 
Gas-fired Boilers: Combustion, Feb., 1924, p- 110. beh BE ate .. | 10.1 ne ro = 
44 a8 rae 37.8] 5.9] 4.2a] 3.5] 0.5] 618 
33. Natural Gas. The demand for natural gas for purposes ot 6] 44] 0.1] .. | 0.1] 0.5] 336 a 
than steam generation is steadily increasing, 80 that even in the imme a: 24.1 | 82.4 | 23.4] 12.5 3.7 
ate vicinity of the wells the cost is frequently higher than that of ot 031 06! 12 4 ee ee be © ad oF “en 
classes of fuel, Natural gas is composed primarily of carbon and hyd 22 0.5| 1.9] 92.8 a é s 0.6| 940| 860 
gen in varying proportions, with small quantities of nitrogen, oxy > I 35.9 44 12.3| 0.60] .. os 336 ed 
and occasionally sulphur. The gaseous constituents, HyaCm, vary wit! 0.9] .. | 24:3 ae 74 67.0b| 0.7| .. | 1420 sep 
a wide range, and it is practically impossible to give an average anal “ | 62} a's | 53-7 | 402} 2. | ofa] 22 | x3a0 | ato 
which moans anything. For example, some gases are practically Molto... 5.8 26.1} 15.0] 0.2] .. 58 be 
, Oly, while others are extremely high in CxHs or CrHn. o4 | 0-8) 9-8) 8.1) 0.8 58.2] 0:9) 185 | 1m 
tically all natural gases contain some CO, and a number of them con taza] oo] 31| ot = 0.3 110 i0t 
; a 1 
~ in, a, Oolle, b, Colle, 2 
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OO,. 
» The heat value ranges from 720 to 1700 B.t.u. per standard cu. ft 
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_ 35. By-product Coke-oven Gas. — This gas is 4 by-product in the ~— 67 
manufacture of coke by the destructive distillation of coal. Instead of 
burning the gaseous distillate at its point of origin, as in a beehive or re- 
tort coke oven, it is conducted through suitable apparatus and cooled, 
yielding tar, ammonia, illuminating and fuel gas. A certain portion of 
the gas is burned in the oven, and the remainder is available for fuel - 
or illuminating purposes. By-product ‘gas is ordinarily saturated with 
moisture and carries a large proportion of tar and hydrocarbon. The 
heat value of the gas varies from 400 to 550 B.t.u. per standard cu. ft. 
and varies in composition approximately as given in Table 9. 

36. Calorific Power of Gases. — The heating value of a combustible 
gas may be accurately determined by means of a “flow” calorimeter, 
such as the Junker and Boyce. The heating value thus obtained is the 
higher or absolute value and the only one to be used in connection with 
steam boiler practice. The heating value may be calculated, with suffi- 
cient accuracy for all commercial purposes, by assuming each constituent 
gas to be free and uninfluenced by the others; thus, if a gas is composed 
of 80 per cent by volume of CH, and 20 per cent. CO, the heating value 
per cu. ft. of the mixture will be 0.8 of the heat value of CHy, B.t.u. per cu. 
ft., + 0.2 of the heat value of CO, B.t.u. per cu. ft. This method, of 
course, requires a knowledge of the character, amount, and heating value 


37. Town Refuse and Garbage. — Th iti 
al ‘us : bage. e composition of 
ie Nie within wide limits, but in a scneralveias Oa 
tape he > wi each of combustible matter, ash, and caer id 
rs le combustible is roughly one seventh that of a 
ia stays aa | the heat value is too low to compensate fo "the 
~ sean at n the destructor plant; but as refuse destructi : by 
bane ‘pate page tigi a sanitary measure, it may prove its ical 
contheged e heat of combustion as a by-product for ie 
; escription of the various destructors used in this seeacitde 
ion 


in beyond the sco i 
yond pe of this work i 
f#ompanying references for further fiend o talst nels aclu 


(arbage and Refuse Dis al, Vol. 26, 1918. 318; Mu 

posal Data: Munici Pp 

4 . icipal Journal 

iiwipal engineering, Sept., 1919, p. 107; Engr. News Record raat Te oF al ‘ 7 5; 
? ’ ? p. 1 ; 


Trans, A.S.M.E., Vol. 3 
‘8.M.E., Vol. 39, 1917, p. ; 
Wi, 1017, p. oy 7, p. 689, 779; Journal Western Society Engineers, Vol 

, Vol. 


PROBLEMS 


& au 
1 | he followin nalyses were obtained from samples of Illinois coal as received. 





l’roximate Analysis Ul 
timate Analysis 


of the gaseous constituents. The standard cu. ft. (AS.M.E. Code) is Per Cent 

taken at 68 deg. fahr. and 29.92 in. of mercury (14.7 lb. per sq. in.). An- —$— $f keer? Per Cent 

other standard frequently used by gas manufacturers is based on a tem= OS ...| 8.10 | Hydrogen... ... 51 a kip ieee Raa aa os 

perature of 62 deg. fahr. The conversion from a volume to a weight ined oarbon..... re Carbon.......... 62.5 Sulphur Hib stick ee 

basis (and vice versa) at any pressure and temperature is readily made by = ter eeees 12.60, RO PARE re} 1.1 AS: KS ae 12.6 
100.00 


means of equation (8). ~—“‘fotal ....{100.00 
.... {100.00 


Example 6. — Calculate the heat value of by-product coke-oven gas 
having the following analysis by volume: 


Per Cent by Volume. 
CO, 0.8; Oz 1.6; CO 4.9; CH, 28.4; He 54.2; Na 10.1. 


Tranafer these anal 
r hes yses to the “moist 4 i 
! \ ure-free”’ and “ i 
a r the ultimate analysis to the ‘‘moisture, ash ad at var tay 
“4 : wg the free hydrogen, combined molebhial na t * — AD yee 
wleulate the ultimate analysis ‘as received” fenms age apie 
imate analysis. 


If the moisture, s 
», sulphur, and ash content inoi 
of an Illinois coal ‘‘as fired,” are 12.6, 


ia wid AL per cent ively, estim: Vv: 
‘ 0 respectivel i i 
eG. Hl i , estimate the ultimate analysis by Evans’ method 


= a. 2st Ss 


Solution. — The CO:, O. and Nz have no heating value; hence, they 
need not be considered. The heating value of each gas may be taker 
from Table 11. 


8 Caloulate th 

« the heat value of th 

u e coal “cc 7) 6b hf 

Hit wali freo,”’ analyses as in Example 1 “int teh teeta eae 


4& Compare the followi 
4 wing fuels on a “ B.t.u. for o 
.t.u. ne cent”’ basis: Wood — $4.00 
.00 per 





< stu. 8 d 
Constituent Cu. Ft. ont per Seentaent Caleulation t A, hanurning 65 per cent interstitial space, 40 1 
SS | ‘ Hivavile = $9.00 per ton of 2000 Ib., 12 500 rag cu. ft. and 6000 B.t.u. per Ib.; 
0.049 318 0.019 X 318 16.0 mM sag #.\.u, ‘der fb.’ Bitdenisious gbS: BHO ber ton Ib.; pocahontas — $7.50 per 
0.284 wa 0 284 x oo 282 9 * _— c $4 pad ton, 10,000 B.t.u, per Ib ‘ip cr igeeaee B.t.u. per Ib.; bitu- 
. ; jor eu, ft.) 26 degree Bau ~ gala Bocas eg 1000 cu. ft. 
mé fuel oil — $2.00 per bbl., 19,300 B.t.u. per Ib. en 





Total B.t.u, por ou. ft. 474.0 












































CHAPTER III 
COMBUSTION OF FUELS 


38. Elementary Theory. So far as the engineer or fireman is concerned, 
the theory embodied in the combustion of fuels is very elementary 
and involves the simplest of mathematics; but it should be pointed out 
that a complete analysis of the complicated phenomena involved in gas 
reactions requires @ knowledge of chemical equilibrium and kindred sub- 


~ jects that lies beyond the scope of this book. 


st, combustion is the phenomenon yesulting from any 
chemical combination evolving heat. To the engineer, it means the 
chemical union of the combustible of a fuel and the oxygen of the air at 
such a rate as to cause rapid increase of temperature. Such combinations 


always occur in accordance with fixed and immutable laws, both as re- 
gards weight relationship and volume changes. The union liberates a 
definite quantity of heat, directly proportional to the mass of material 
taking part in the reaction, and independent of the time occupied. The 
heat thus generated when a unit weight of substance is completely burned 
is called the heating value, or calorific power, of that substance. Before 
chemical union can take place, the combining elements must first be 


brought to the ignition temperature or kindling point of the combustible. 
The temperature necessary to cause this union of oxygen and combus- 
ombustible gases, but 


tible has been fairly well established for simple ¢ 


To. the chemi 


there is no definite temperature at which compl 
allied substances, burst into flame. Experiments show that coal liberates 
heat of combustion at all temperatures. The point at which the coal 
assumes a uniform glow has been taken as the most logical ignition tem- 

perature of a number of gases and the glow 


perature. The ignition tem 
point of several solid fuels are given in Table 10. These values are ap- 


proximate only, since the temperature may vary with the relative amount 
of surface of the substance, pressure of the air, and t 
substances that aid reactions, but they serve for the purpose at hand, 
Matter is never destroyed; hence, all o 
and its air requirements will be found in 
the fuel has been “ burned,” but, barring certain inert € 


be in different combin 
during combustion are generally expressed b 


+ The Tqnition Temperature of Coal, Bul, No. 128, 
nooring Hxp, Station, ~ 


* ie 


‘Apr. 10, 1922, Univ. of Tl, Eng 





















ex fuels, such as coal and 






he presence of other 


f the elements composing & fuel 
the products of combustion after 
Jements, they will 
ations with each other. The reactions taking place 
y simple molecular equation 
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in which the . 
the cau emp are designated by symbols, the relative volumes of 
—_— se uents by numerical coefficients, and the nama “ 
Somic ME mole a occurs by subscripts. The symbols, rel tiv 
for the Micctiaad or combining weights, and the chemical ohne 

‘ compounds ge 5 
Rerk are piveh'in Twble 11. generally encountered in combustion 

Vlame Temperatures, b: 

‘ ‘ , by Prof. W. Trinks, P. 

Comb s, Power, J F 

ombustion Phenomena, by E. Kieft, cacadbionsamaae ae p. 390. 


TABLE 10 
: w IGNITION TEMPERATURE, DEG. FAHR 
potylene : 
Misihracite Coal............ oe ee 
ee ee 12 || Hydrogen... 1100000000000 1130 
SRS. ets: 1 SOP oie 
Jaron Monoxide............. 1200 Methane CH. ............. 1200 
, SEL... <2 ts sees 1000 Phe oiga e ibe EPPO BECK — 
pt Bike ES 70 
TABLE 11 


DATA RELATI WIT: 
VE TO ELEMENTS MOST COMMONLY MET ‘H 
WITH COMBUSTION OF FUELS ee 
Relative 


Mubetance a > a Commenins 
a D eight . 
yap | One 38) oe: Chemical Reaction py ey A 


Exact | Approx. \eseeeeilh tl: 
Higher | Lower 




















Pabylone. oe CH, |2 

' wrens 2 |26.03 | 26 |2 
RE SoS Hacockers Stik = 600s +2 HO hee ee 
Darbar eg PN Cc 12.005) 12 |2C+ 0; = CO; 14,600 14’600 
Hyon monoxide) CO s.01) 28 BCO+ SRS 4,440 | 4,440 
Wa oss] GaHs 80.05 | 302 Cals + 7 Ox ~ 4C0s-+ SHO Bary, 
MPHPOMON, «6 .... H 2. C2H4+ 302 = 2CO.+ 2H, ,230 | 20,500 
He thane on CH, 2 is aie O.. = 2 HO 20 piles 20,420 
buicco.|s  iaaos| 32 CH 202 = CO: + 21:0 | 23,850 3670 
)8O;..:]8 [32.06] 32 [28+30, pays 4,000 | 47000 
; Relati 2 5,940 5,940 

0) 
Chemi- Combining Air Required ; 
Heating Value 























per Cu. Ft.* 





Weight O2 = 
cal 2 = 32 for 


bol 













Exact Approx. mt 
| Higher | Lower 
























vlene C,H 
, .| Calls 26.03 26 
Mn monoxide ot 28.01 28 ein 7 
® ‘al Io | 380.05 30 738 pte 
7 | On 1735 | 1600 
Wane , CH, Bs Ba 
992 902 





it iilonide: 


ad 
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fentage of the heat discharged to 
_ waste. The i 
sidan pees is actually an sdreubeninn ae rer’ 
ae digges 0 combustion below the fusing point. ft IP es 
_ “onal : - instead of pure oxygen is used PORE: it 
Tait — reduired for the perfect combustion f nee 
Wrought in with th s it siete Me one : 
e air is 2 2/3 X 77/23 = 8.92 Ib Hs lb at anit 
‘ . of carbon, 


fil the products of combusti 
ust i i 
Sota) of 1444 ae ion will consist of 3.66 lb. of COz and 8.92 lb. 


pon. — Carbon is the principal combustible of 


39. Combustion of Car 
nearly all fuels. The primary product of the oxidation of carbon is & 
itory existence. This 


complex of carbon and oxygen, which has a trans 
complex decomposes into a mixture of carbon dioxide (CO2) and carbon 
monoxide (CO) in proportions dependent upon the temperatures at which 
decomposition take place. If CO, is the ultimate product resulting 
from the combustion of pure carbon, combustion is said to be “ perfect ”; 
if CO is formed it is said to be “ incomplete,” because the monoxide is in 
itself combustible and capable of further oxidation; if both COs and free 


O, are present combustion is said to be complete. 
When carbon and oxygen unite to form COs the reaction is expressed bys 


C + O2 = COz" (7) 
C, 12; Oz, 32; CO2, 44. Intro- 


(inseous element: i 

: S, mixtures, and 

Volumetric : , compounds 

ont ae The transfer from a weight to a para pays 
wf y the following application of Avogadro’s law.! e basis ja-rendily 


The combining weights involved are: PV 1544 
Mite 8) 


ducing these, we have Wi whic 
on 


12 + 32 = 44 ; 
Divided by 12, 4 ee Ib. per sq. ft. 
2 = 33 ods gerne volume, cu. f 
1 + 23 = 35 1’ = absolute tem vin, pen Te 
perature, deg. fahr. 


" 


Thus, 1 lb. of carbon unites with 22 Ib. of oxygen to form 33 Ib. of carbon ~ molecular weight of the gas referred t 
ed to oxygen as 32. 


dioxide. If the COs resulting from this combustion is cooled at constant 


pressure to the initial temperature of the original mixture of carbon an 


oxygen, the heat liberated will be about 14,600 B.t.u. per lb. of carbo: 
(The heat value for carbon appears to depend upon the method of p 
paration and ranges according to various authorities from 14,220 


14,647 B.t.u. per lb.) 
The oxygen required for combustion is usually taken from the atm 


For most engineering purposes, dry atmospheric air may 


With 68 de 
g. fahr. and 14.7 Ib i 

i ta : . per sq. in. as the 
" on temperature and pressure, respectivel ae ae 

Convenient form a ne 
4 V = 385 + m (9) 
8, under the as i 
on sumed standard conditions, the volume of one 


Oxygen = 385 + 32 = 12.03 cu. ft. 


phere. 

taken as & mechanical mixture of oxygen and nitrogen in the ratio 23 Beilin a 

77 by weight, and 21 to 79 by volume. For convenience in calculatio CO. 6 wt on set cd = 13.75 cu. ft. 
ah +44= 8.75 cu. ft. 


these ratios may be expressed as follows: 
Nitrogen = 77/23 X oxygen = 3.34 X oxygen, by weight. 
100/23 X oxygen = 4.35 X oxygen, by weight. 


\ in ( Om pose d of 23 p y y p 
at ; , 4 . i . B pad . ? ; 


Air = fie 
Nitrogen = 79/21 X oxygen = 3.76 X oxygen, by volume. wolfe volume under standard conditions is 385 
Air = 100/21 X oxygen = 4.76 X oxygen, by volume. ey speaking, a gaseous mixture ca: is 885 + 28.92 = 13.3 cu. 
the Humber 28.92 in connection wi h unnot have molecular weight 
ce conditions and passes into {| Hiolecular weight, ‘ with air may be considered the oui 


Nitrogen is inert under ordinary furna 
products of combustion without change. It simply dilutes the ox 
for combustion, and its presence in the flue gases represents @ large 

weight of C is not definitely known, Carbon exists in & num! 


‘The 
of forma, ench of which probably has its own molooular weight. ‘Thus the diffiou 
Durning arbor in the form of soot is attributed to its complex molecular struct 


Wii to the perfect 
‘ct combustion of 1 Ib, of 
. of carbon with dry air 
’ 


inion (at G8 deg, fal i 
vm ir, and atmospheric pressure) involved in the 


volumes of all 
Bases conta 
ep ig ntain the same number of molecules when at the 


‘ 
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Oxygen = 2.66 X 12.03 = 32.0 cu. ft. Cart . ' 
arbon monoxide unites with oxygen to form COs:, thus 


Nitrogen = 8.92 X 13.75 = 122.5 cu. ft. 


COs = 3.66 X 8.75 = 32.0 cu. ft. 200+0. = 
Air = 11.58 X 18.3 = 154.0 cu. ft. 2X28 + mati ; oe (11) 
56 +32 =88 


1+4/f7 =14/7 


It will be seen that the volume of COs is precisely the same as that of 
21/3 +11/3 =32/3 


the oxygen used in the process, and since oxygen forms 21 parts of air by © 
volume, it follows that with perfect combustion the products will consist 
of 21 per cent of COz and 79 per cent of nitrogen. The same conclusion 
may be reached in a simpler manner, by noting the fact that numerical 
coefficients in the molecular equations represent relative volumes. Con- 
sidering the coefficients in equation (7) we have: 


That is, 1 lb. of CO unites with 4/7 Ib. of ox 
4s he 21 /3 lb. of CO resulting from the i oR GOCE ‘= 3 ped 
4 2 ghee (10), combines with 1 1/3 lb. of oxygen to fom 2.9/8 tb, 
i. a a a ie oa will be about 4354 B.t.u. per lb. of CO oF 
lee he 160 Btu. per lb. of carbon. Noting that 4440 + 
a ono it is evident that the ultimate result is the same wheth 
* process takes place in one or two stages. The dry air requi a sage 
. n - r Saytiee oxygen for the combustion of 1 lb. of CO pws ov 
v os 4 i, fg The weight of nitrogen brought in with the air is 4/7 
OO gonaics of 0.57 Gr 4/7) Ib. of COs and 1.01 Ib of No, 8 total of 48 
The fact that carbon may sonibige with faa Cae oe 
. of great importance in furnace sioah ricer ie ca a 
Heth in paragraph 54. me 


1 1=1!1 


which signifies that 1 volume of oxygen combines with carbon to produce 
1 volume of CO2 That is, the volume of CO, resulting from combustion 
is exactly the same as that of the oxygen supplied, both gases referred 
the same pressure and temperature. 

When combustion is incomplete and the carbon unites 
form CO, the reaction is expressed : 


with oxygen t 


2C +02 =2C0! 40, Combustion of 
ydrogen. — H i ; 
pate cb atta ail acon vane, dda ydrogen combines with oxygen to 
14+ 11/3 =21/3 2H: + O2 = 2 H20 (12) 
2x2 = 
Thus, 1 lb. of carbon combines with 1 1/3 lb. of oxygen to produce 2 1/ 4 Ne * = cor He 
1+ 8=9 


Ib. of CO. The heat liberated will be about 4440 B.t.u. per lb. of carbo 
The air required to furnish the necessary oxygen for this reaction is 1 1 / 
+ (0,23 = 5.79 lb. The weight of nitrogen brought in with the air is 1 1/ 
X 77/23 = 4.46 lb., and the products of combustion will consist of 2. 
Ib. of CO and 4.46 lb. of nitrogen, a total of 6.79 lb. 
Considering the coefficients in equation (10), we have 


2 1=2 


That ts, 1 Ib. of h i 
' : ydrogen combines with 8 lb. of o 
Z ; xygen to f 
- an ean mer resulting from this Siietion is ee 
inoled at constant pressure to liquid at the initial tem 
iro bs me ig ara and oxygen, the heat erste GuEIE ane 
) cu. per lb. of hydrogen. If, howe h i i 
jwed, or is only partiall ate ke Se 
y condensed, the heat i 
oy will be less than 62,000 B.t.u. be an paige ypeiaier id 
pss. . the. products of combustion. These two ore. pos 
ul, respectively, the higher and the lo :: 
tor la a variable, and theref ee 
latipes sa refore cannot have a constant value except 
ioe Shacwotioel weight of dry air necessary to burn 1 lb. of hydrogen 
Seow ay 84.8 lb., and the final products of combustion will 
’ , and 8 X 77/23 = 26.8 lb. of No, a total of 35.8 lb. 


which indicates that 1 volume of oxygen combines with carbon to P 
duce 2 volumes of CO. The reaction is therefore accompanied by 4 


increase in volume of 100 per cent. 
1 All of the carbon does not burn directly to CO, Part of it burns first to COs, 


thin in turn combines with carbon to form CO, The ultimate result, however, is 
ame aa if the ehange took place as indicated in this equation, 


‘ 
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It is important to note that the water vapor content is never determined 


that of th : 
in the ordinary gas analysis apparatus, since the greater part is condensed wt of the separate elements. This is explained by the fact that th 
e 


hydrocarbon is already a chemical compound, and that the heat of 
at of com- 


before reaching the measuring pipette. Therefore, the dry products of atin aiid cients 
combustion will consist only of No. The lower heat value for the com- (CH,) uni : ssociation must be considered. For exampl 
plete combustion of hydrogen, with theoretical air requirements, under 4) unites with oxygen to form H20 and CO,, thus miinitdicytys <2 
constant pressure of 14.7 Ib. per sq. in. and initial and final temperature CH, + 2 O2 = CO; +2 H 0 
of 62 deg. fahr., is given by Goodenough as 52,930 B.t.u. per lb. of hydro (12 + 4) + 2 X 32 = (12 + 32) i" ate (13) 
gen.! The lower heat value does not enter into boiler problems, since 16 + 64 = 44 + 36 (2 + 16) 

1+4 =28/44+21/4 


the heat of the water formed by combustion, and discharged with the 
flue gas, is considered as a separate loss. The A.S.M.E. Power Test 
Code recommends the use of the higher heat value only. 

Oxygen is a constituent of practically all fuels and may exist in the free 
state, in combination with nitrogen, in organic nitrates, in the carbonate 
of the ash, in the combined moisture, and in the CmHnOz compounds: 
For most engineering purposes, it is sufficiently accurate to assume tha 
all oxygen present is combined with hydrogen as HO, and that the re 
mainder of the hydrogen is in the free state. With this assumption, con- 
sidering that 8 parts of oxygen combine with 1 of hydrogen, we have 2 
the free or available hydrogen, H — 0/8. The oxygen to be supplie 


-_) , 
-* Baie ougec’ with 4 Ib. of oxygen to form 2 3/4 Ib. of 
ie 173 m 0 . 4 3" theoretical dry air requirements are 4 “ 
aly Pie : of CH. The heat of combustion, as expe - 
Aly , is 3,850 B.t.u. per Ib. as against 26 400 h pre 
om the heat combustion of free carbon and free netlist ea ~ 
; e 


‘ocarbons most commonl 
e : : 
ned in Table 11. y encountered in boiler room practice are 


“” 4 ? ’ y g' 


from the air then becomes 8 (H — O/8) lb. per lb. of hydrogen, and thi hur occurs in a variety of forms ‘ ; 

weight of the dry air itself, 34.8 (H — 0/8) Ib. per Ib. of hydrogen. information is available on the poe hil and inorganic, but very 
41. Combustion of Hydrocarbons. —In nearly all fuels, part of th to form sulphur dioxide (SO2) or Sie Sulphur unites with oxy- 
carbon is united with hydrogen in a great variety of combinations knoy { the furnace conditions. In most jams Be 4 toxide (SOs) depending 
as hydrocarbons, and constituting the so-called volatile matter; and a S+0 fas ak SO: is formed, thus: 

though the ultimate products of combustions are CO2 and H.O, the proces 32 +3 me ‘a SO; (14) 
of decomposition is often very complicated. For example, in the con 1+ 1 e 64 

bustion of coal, in hand-fired furnaces, the volatile matter leaves the f le. 1 Ib. of sulph i =, 4 

bed as complex hydrocarbon compounds. Near the surface of the f if oxy md - t ed combines with 1 Ib. of oxygen to form 2 Ib. of 
bed, where the oxygen supply is very low, these hydrocarbons are quick aly ware ai tained from the atmosphere, the theoretical weil h 
decomposed, by the high furnace temperature, into soot (carbon), f if juired to completely burn 1 Ib. of sulphur is 1 + aw ion a 


‘ $ 


1 or 2 feet from the surface ¢ 


ae oe i a At ri distance of * mi of pure sulphur, when burned i 

the fuel bed, provided air is admitted above the fire, only a very StM Pulphur, however ualiionn urnec to SOs, is about 4000 B.t.u. per 

amount of hydrocarbons can be found in any state, gaseous, liquid, Mevimption that the total sg anne aiaey 
ontent, as determined from the 


golid, The solid substance present in the flames is mostly soot wl 
ity at the time 


traces of tar. If oxygen is present in sufficient quanti 

distillation of the volatile matter, the hydrocarbons will burn direetly 

CO, and H,O without first decomposing and depositing soot. The 0} 

gon and air roquirements for the perfect combustion of the various hy¢ 

carbons are the same as if the constituent elements were in the free 

but the heat of combustion of the compound differs considerably 
; * Principles of ‘Thermodynamics, 3rd Wd., p. 205. 


fie analysis, has a heat value of 4000 B 
ewe é .t.u. per Ib. 
' * ‘ dee Attention should be called to ae fact ime Pe 
—. ee r hn ot oo to S02 and that a large percentage may be 
4 Fol : 0 relationship appears to exist between the total 
1 the fuel and the amount, after ‘on fet 
one ; combustion, in the 


Sul 
wf Sulphur on Steam Production, by 'T, A. Marsh. Combustion, Feb., 
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When the free oxygen is all used up, the resulting COs, on continuing 
ls passage through the superposed unburned portion of the coal bed, 
ln reduced to CO. The rate of reduction of CO2 to CO depends upon 
the temperature of the fuel bed — the higher the temperature the faster 
the CO, is reduced to CO. At the high temperature existing in the aver- 
fe fuel bed, a considerable portion of the CO2 is reduced. The layer 
fit the top of the fuel bed consists mostly of fresh fuel which is being 

leated and from which the volatile matter is being distilled. With a 
creation of the Rome SN) the nature of the fuel, the air suppl) fiven temperature, the distillation is independent of the air supply, since 
ucts of combustion depen para’ combustion took place. In practicall the heated volatile matter distills off whether air is supplied or not. On 
joy aR agen ela of solid fuels takes place in two stages the other hand, fixed carbon in a fuel bed cannot be burned to COs or 
all the ferences, . piney vied which includes the distillation of volatt iied to CO unless air is supplied through the grate. The gases rising 
(1) Combustion in the fuel bee, ar wm the fuel bed contain a high percentage of combustible, and no free 


. ‘on or gasification of the fixed carbon; 
/ npglirom avioe omhiares why other combustibles rising from Weyuon, irrespective of the rate at which air is forced through the fuel 
(2) combustion of the & |, Therefore, complete combustion cannot be obtained from the air 


i i e. With liquid fuels, evaporation ar 
fuideaton prsedeigsition ad in through the bed unless there are holes in the fire or part of the 


ustion, while with gaseous fue 
! on the grate is burned out. To effect complete combustion with an 


ificati recede ignition and comb vet 

engin shee lace as soon as the fuel and air mixture has reached 

ignition takes P yen fuel bed of unburned coal, part of the air must be supplied above 
five and in such a manner that it will mix with the combustible gases. 


proper temperature for chemical union. 
je Applies to all solid fuels. 


The various steps in the combustion 
Part of the moisture in a fuel and part of that brought in with the air 


43. Combustion of a Mixture of Elements. — All commercial fuels con 


isti i i in com- 
sist of a mixture of elements existing either in the free state or 1 : 


i ini theoretical weight of air re- 

inati ith each other. The minimum he 
aoe; ar letely burn any fuel is the same whether the combustib | 
> si bined; but the heat of combustion of a chemical 


nts are free or com , 
Second may differ considerably from that based on the heat value 


its constituent elements, 


of a bed of coal of uniform thie 


ness on a stationary grate are shown in Fig. 38. At the bottom of 


































































































































To ombustion pass through the furnace as highly superheated steam. 
HH { part of the moisture which comes into contact with the incandescent 
; EEE wii Combines with the carbon to form CO, COs, and He, thus 
B 20 Rit os 
ot AH HO + C = CO + fe 
ee rH 2H.0 + C = CO. + 2He 
20 
i LH ley average boiler-furnace conditions, the Hz thus liberated will ul- 
j === tely recombine with Oz and form H,0. See also paragraph 100. 
: 9 of Coal: R. B. McMullin, Combustion, Mar., 1922, p. 224 (Serial). 
ws sed hustion in the Fuel Bed of Hand-fired Furnaces: Kreisinger, Ovits and Augustine 
3 Cooter Poor Poo 4 of Minos, Tech. Paper 137, 1917. ; 
gin om : Length of Combustion Space, Feet fate of Combustion in Fuel Beds of Hand-fired Furnaces: Kreisinger, Augustine 
fuel , inches 


Hate, Mureau of Mines, Tech. Paper 139, 1918. 

_ with Furnaces for a Hand-fired Tubular Furnace: Flagg, Cook and Wood- 
enn of Mines, Tech. Paper 34, 1914. 

ve Governing the Combustion of Coal in Boiler Furnaces: Clement, Frazer and 

jie, Mirenu of Mines, Tech, Paper 63, 1914. 

Hevolopmenta in Smokeless Combustion: Power House, Mar, 5, 1923. 


. ‘ 5 iti Fu Gases along their Path through the 
gti ie for aacire Hand-fired Furnace. 
i i tact with the coal, the air 
bed, where the air first comes In con | 
fe sppeonimately 21 per cent of payers vo the pti yr . 
Jo, As the air passes up through the ayer 
a in it combines with the carbon of the coal, ‘cgnie Ons 
rate of oxidation in the lower part vl reg 8 tt nals a 
te at which air flows thro ‘ oe 
oe forood through the fuel bed the faster the coal is 


Ale Theoretically Required for Perfect Combustion. — As previously 
the minimum weight of air required to completely burn any 
the same whether the combustible elements are in the free 
in chemical combination with each other. If C, H, O, 8, repre 
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The “ dry coal” is 100 — 8.8 = 91.2 per cent, and the “ combustible ”’ 
100 — (8.8 + 10.5) = 80.7 per cent of the coal as fired; therefore, the 
theoretical air requirement is 8.87/0.912 = 9.72 lb. per lb. of dry coal 
wid 8.87/0.807 = 10.99 lb. per lb. of combustible. 


i i f carbon, hydrogen, oxygen, ane 

+ the proportional part by weight 0 rbon, OX) oe 
eaplitt in a fuel, then, from the preceding paragraphs, it 1s eviden' 
that for perfect combustion 

Ay = 2.660 +8(H — 0/8) +8 


The air requirements for liquid fuels are usually determined by weight, 
A, = 11.58 C + 34.8 (A — 0/8) + 4.35 8 fil the method of prodecure is the same as for solid fuels. Gaseous fuels, 
however, are measured volumetrically and the air supply is calculated on 


this basis. 


in which 


Ao = weight of pure oxygen per re ‘| fuel 
= wei } lb. of fue 
ee Uxample 8. — Calculate the theoretical air requirements for the perfect 


— of a dry blast-furnace gas having an analysis by volume as 


ak Ais : lows: 
Equation (16) is sometimes expressed as fo Blows: 


A, = 11.58C + 3488 + 4.35 (S — O) (1 


Per Cent Per Cent 
x 1 traces 0 @arbon dioxide. .............. 12,5) hydrogen, iwgian?. 3%, wees 3.5 
Atmospheric air contains & small amount of water vapor and 4 Carbon monoxide............. 26. 6. o Nitrogen... jis hse. s csv e se mee 58.5 


i her elements; but in view of thi 
helium, hydrogen, argon, and ot elem | 
saben oe many of the factors entering into the ere 7 
ion, it i i for all engineering purposes m1 
bustion, it is sufficiently accurate ; 
; thet the air is dry and composed only of nitrogen and oxygen in the ra’ 
by weight of 77 to 28. } 
ie: picstante in equations (15) to = ie be ne b : 
i by the Internatio 
exact molecular weights (as fixed om 
i i i d of the approximate weight, 2 
Atomic Weights) are used instea' re 
i i ir 1 23.15 to 76.85 instead 0 
en-nitrogen ratio of the air 1s taken as j 
mC 7 Such refinement, however, 18 without a in a 
i ical weight of air per lb. of tue varies 
practice. The theoretica a ae 
limi ‘n terms of weight per 10,0 t.u. 
limits, but when expressed in peeps 
lid fuels. Several hundred fuels, 
close agreement between all so ere 
i e, on this basis, of 7.0 1D. 
m peat to anthracite, gave an average value, . 
ra tie 10,000 B.t.u. with a maximum departure not exceeding 4 


cent. See Table 12. 


olution. — The CO and He are the only combustible elements. From 
» coefficients of the molecular reactions, equations (11) and (12), it is 
‘lent that the CO and He each require one-half their own volume of 
Yuen for complete combustion or 3 (25.5 + 3.5) = 14.5 cu. ft. per 


ou, ft. of gas. Since air is composed of 21 per cent by volume of 
won, we have: 


fu, fl, of air required per 100 cu. ft. of gas = 14.5 + 0.21 = 69 (tem- 
{\ires and pressures assumed to be constant). 


4, Products of Combustion. — The character and amount of the pro- 
of combustion resulting from the burning of the unit of any fuel 
jl upon the nature of the fuel, the air supply, and the conditions 
ty which combustion takes place. For maximum heat efficiency, 
jlete combustion with theoretical air requirements is necessary, and, 
‘oving commercial fuels in general, the resulting products should 
{ only of COs, Ne, HxO, SOs, ash, and oxides of minor combustible 
jiie If combustion is complete but air is used in excess of theo- 


ini ight of dry air necessary | yequirements, the gaseous products will include free oxygen. If 

xample 7.— Calculate the minimum welg . as juiren ) ga Pp ; xygen. 
Posi burn Illinois bituminous coal having the following analysis Hivetion is incomplete, CO, He, soot, and various hydrocarbons may 
Per Cent ‘ as fired "” Per Cong 28 lw present. As the gaseous products resulting from complete com- 

Sulphur .....-sscseeeeeeeee : , oy An ates ; . ra 

IRR yh ho eg pee, S Te 38 i) ure colorless and invisible at chimney temperatures, visible smoke 
SRR ie as YR PM ny Bi ioe + thw that caused by the condensation of vapor or entrainment of 
Ni TORO Bib sess +> se oantage LSM deter aA oo” Sea , jrticlon) is an index to incomplete combustion. If the ultimate 


Solution. — Substituting the value of C, H, 9, and § in the equat . 
(16), and solving for A, we have: 


0.028 
65 + 34.8 (0,044 — 0,072/8) + 4.385 X ¥ 
‘ ss aa? Ib the Siporetli weight of dry air per Ib. of coal as fi 


sof « fuel is available, it is a comparatively simple matter to cal- 
the eharneter and amount of the products of combustion for com- 
yeldations; and, vice versa, given the character and amount of the 
towether with the analysis of the fuel, it is possible to determine 


it of aly supplied. The calculations are best illustrated by an 
rimarily upon the tompeorature 
101 to 1,2 per cont by weight, depending p 


relative humidity, Hoo paragraph 409, 


— — a oe 
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TABLE 12 
RIOUS FUEL 


THEORETICAL AIR REQUIREMENTS FOR VA 
PER CENT CO: IN THE FLUE 












Ultimate Analysis Dry Air, Lb. 
. ie are *. aaa 
Fuel, ge and 2 
Tee 
ob nthew (ionluelianeammmney: 38 
we ABE, ee EE 
Pure carbon....--+--- tal Hare tae 11.58 7.8 20.91 
Anthracite.....-+--> 0.71 | 2.13 | 1.00 |. 11.39 oat 20.06 
Semi-anthracite.....- 0.63 | 3.23 | 2.58 11.59 7.6 20.00 
Semi-bituminous....-. 1.46 | 5.50 | 1.81 11.41 7.6 18.65 
Bituminous......---- 1.52 | 9.87 | 3.38 10.70 7.5 18.46 
Sub-bituminous...... 1.35 |13.10 | 1.79 10.24 7.5 18.56 
Lignite.....----++++: 1.22 |22.67 | 0.86 8.75 7.6 19.68 
AEG Px. ss bs serciest 1.50 |33.33 | 0.25 7.30 7.6 20.79 
Crude oil 0.60 | 0.80 | .-:- 14.45 7.4 15.90 


combustion if 1 lb. of coal, as 
pletely burned (1) with theore 
20 per cent air excess: 


Carbon......---ee seer 65 
Hydrogen.....---.-0ss0r00 4. 
OxyMOereee ce 7 
Nitrogen...-.--esssrecr 1 


Solution. — The various steps 
chart. 


Principles of Combustion in The Steam B 
The Babcock and Wilcox Co., New York. 


Elements of Heat Power Engineering, 
Wiley and Sons, New York. 


Corp., New York. 
Properties of the P. 


Reports Relative to Combustion Accessories, 


Interpretation of Flue Gas Analysis, Combustion, 
and Russell. Published by McGraw-Hill © 


Fuels and Their Combustion, Haslam 
Now York. 





roducts of Combustion, Combustion, Dec. 1923, p. 451. 


GAS FOR PERFECT COMBUSTION 











Per Cent as 

0 Sulphur...2...-seerer et 2.8 

4 Free moisture...-----*:7""* 8.8 

iy (ti? Maire areas o- Sore tere as 10.5 
B\ , Dotaladajetert: Cen eeeas 100.0 


are detailed in the following tab 


oiler Furnace, A. D. Pratt. Published 


Hirshfeld and Barnard. Published by Je 


Combustion, Aug. 1923, p. 126. 
Feb. 1924, p. 115. 


S AND THE RESULTING MAXIMUM: 

































Example 9. — Determine the character and amount of the products @ 
per following ultimate analysis, is com 


tical dry air requirements, and (2) wit 


Combustion in The Power Plant, T. A. Marsh. Published by Combustion Publishi 


COMBUSTION OF FUELS P 
1 


CALCULATED RESULTS 
(COAL AS FIRED) 


























Lb. of Substance per 100 Lb. of Coal 


ft wleulations for Perfect 
Onmbustion with 
weoretionl Air 
fej ulrements 


Flue Gases 


Dry Gases 


- Siti 

sarbon will produce: ereeren(feecri ieee es 

_ WRGRGRAR 
FPR been cence beeen bene 


Re 2 03h. 2 lacace eer yahbicdh wet 
ae PURE Moma ie ere A baie riety Pkt a jogs ey: 
ayaliable hydrogen} == | 
y i] ppaue: 
ay AAR See 
, PURER Gree peers Baar F 
|) Pade inter joao 
| esc ra oat: 
Yuen and inert hy- 
Mon will produce: 
\ 
| as 14/8 hp ts ESPEN Pete pes baer 
ied HO, 
’ \ = 
sephur® OO AUST, SR ED a 


mWU/N9,. i... 

a/ha * 77/93...)...000 009g 
Wivowen in the fuell [0 
poheldered inertt 
molature will 
pear ae Vapor 


Total 





ri parearaph (42), 
| wel pirietly true, since a 


" wit a ener olomenta, but the amo i 
’ \eee from the assumption hes is Sonning a ie egy wend Bo 
7 - ‘ough the furnace without 
gaseous products = COs + SO. + Ne + H.O 
2 

Be cy + 5.6 + 684.6 448.4 
=f 6.6 lb. per 100 lb. of coal 

.76 + Ib. per lb. of coal 


(ing the compounds into their elementary constituent: 
s 


ital gaseous products = C + Hy + Os + No +S + Free H. 
5 oo 4.4 + 211 + 684.6 + 2.8 + de 

-6 lb, per 100 Ib. of coal 
= 9.76 + lb, per lb. of coal 


| ; alr may contain as much 
' as 1,2 por wal 
‘Hie moleture content should be added if wheel fof me of water vapor; 


portion of the nitrogen content of the fuel appears in the flue gas in 
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PRODUCTS OF COMBUSTION — (Continued) 
(THEORETICAL AIR REQUIREMENTS) 


(Complete combustion with 20 per cent air excess) 


82 ST 
Total dry gaseous products = total gaseous products — total HO 
= 976.6—48.4 = 928.2 lb. per 100 Ib. of coal 


9.28 + lb. per lb. of coal 






















Dry air supplied = total (N2 + O2) — (N2 + Oz) in the fuel — 
= tee 211) — (1.3 + 7.2) = 887-1 I NP: sa 
er 100 Ib. of coal Sains 5 + 0 : at 0.054 
_ga7 ib. perlb.of col == '< << Mt. 0.407 32 Abts 112.8 81.2 
SP aiipsiassa oe eo ond 3.6 
0.361 | 139.0 | 100.0 


(Which checks with the results as calculated from equation (16).) 

Considering the second phase of the example; vI1Z., complete com= a ————— 

bustion with 20 per cent air excess, it will be found that the only change Pipiuleted in Example9. 

in the products of combustion will be the addition of 20 per cent of the Hi While some of it probably {uel gases, part of the SOx is absorbed by the water in the samp 

weight of oxygen and nitrogen } y the arr, or 0.20 X 2.088 = Biba, bus since the ‘volunse'of 80s ie ordinate inthe sah We disents batisen in the fuel dose 

0.407 Ib. of free oxygen and 0.20 6.833 = 1.367 Ib. of nitrogen. There- ’ ordinarily very small; i is common peastice 1 diteeurd it 

fore, the total dry gaseous gone? will ven aoe Ib. we ie lb. 

SO.; 6.846 + 1.367 = 8.213 lb. Ne; an 0.407 lb. free Us, @ total of # Wid the resulting pe : 

11.056 Ib. per lb. of coal. Hie) blast-furnace te dept Tilo abe dry products of combustion 

ne 4 . . ? 

‘ ly burned with theoretical air iil Pie a by volume is com- 


In practice, the gaseous products of combustion are measured volu- MMT car cent N, 50 per cent CO 
a8} 27 per cent He 2.5 
.O per cent 


metrically (see paragraph 349), and the various constituents are x Bolution. — Th 
pressed in per cent of the total volume of dry gas. Equations (8) an c Saleoular fess a ae eg are the only combustible elements. F 

(9) offer a simple means for transferring the several quantities from a evident that 2 venta Rig = 2 COs, and 2 Hz + Oz ay ed 

weight to a volume basis. This is best illustrated by an example. linen of COs, and similarly, 2 Tine en; 1 volume of Os to f fa 

lume under standard condition! to form 2 volumes of HAO. That ray Sel te. of Peper: wy goer 

f . It. 0 


Example 10. — Calculate the actual vo { ee reciui 
CO., SO», Os, and N: in the total dry gaseo wen require 1/2 cu. ft. of oxygen each for complete b 
combustion, 


and the per cent b volume of 
; ata gh in the preceding example. : , ou. {t, of CO will produce 1 cu. ft. of COs. Si ir i 
f each constituent by 385/m, (8 #) jor cont oxygen and 79 per cent nitrogen by volutin, the Paap or the 
, the ratio of the 
| 


products for the data given in tL 

Solution. — Multiply ~ weight oy acy? age ee eens 
equation 9), and the pro uct gives the actua volume under standa the air to the oxygen i x 
q tively, and we may prohaed lon rollona: 3.76 and 100/21 = 4.76, : 
pies: sa 

























Hwa — i 
nple 11.— Determine the volume of air necessary per cu. ft. of 
























































































conditions. he constant 385 cance) 


In dealing with ratios by volume, t 
out and need not be considered. Thus, for maximum COs2, 
Volume, Cu. Ft.* 

























fe 2.38 + 44 = 18 
Per cent COs by volume = 100 535 G4 + 6.846 + 28 + 0.056 + 64 
‘ ; Calculation Theoretical 
The various steps and results for the other elements are shown in te Requirements Dry Flue Gas 
following tabular chart: Ou. Fi. 
“See ee Or Air CO2 Ne 
PRODUCTS OF COMBUSTION Dias 
(THEORETICAL AIR REQUIREMENTS) 8 Roo Remains unchanged | ....... | ....... ise 
04 V2 RES PE a eae Prec eaa ALB, fie. se ees 
Weight, Lb Molecular Vd. Ga. wid han eS ie De ly tees. Te eran 
Substance eight, Lb. | "Weight 0.270 x 0.5 x 4.76 0.1880 |. ce eae 
w/m pe ee 0.B4B a4 sclieti od viable 
0.086 | 0,025 x 0.5 TG ae esse 0.508" 
erent 0,025 X 0.5 4.76 MIZE |... Hoaahoe | hari 
Me Ok TOON 0,025 X 0.5 8.76 Pais sr te 0.060 edie Folate tiple 
sak aa | ‘ - 0 6 SMR MESO Ee Res ERS ES Fa” 
; 0 0.1475 | 0.703 | 0.385 | 1.140 — ia 
Tom ad ‘ 
peratures and pressures aasumed to be the same as in the original composition. 








rod © 0.708 cu. ft 
Bibi 96.9 ver tent ft. of gas; CO: = 100 x 0.385 + 


wW the Producta of Combustion; Combustion, Dec., 1923, p. 451. 


+ Valuos have been onrried out to three decimal places in order to chock with sv 
4 galoulations, In practice such refinement is without purpose since gas 
tro apt to bo in error ax much ax 10 por cont 
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Wf co i 
di Log we sts combustibles are present in the flue gases, it is 
Bets ace pm ustion is incomplete, and if there is no free Oy» the air 
4 oben However, the flue gases may contain CO Ht and 
igs = a — bs considerable free Oz. This sppaterié poe ser 
ae os at: (1) the combustible gases and the air sup y 
—... er mixed while in the zone of combustion; (2) rod 
one vanaf py has been too low for proper ignition; or (3) there 
etn - cient time for combustion to be complete. Concen- 
oy ye sen g, emperature, and time of control are interrelated 
oe . € factors is essential for good combustion ae 
Ren 4 a a there will be a definite percentage of the different con- 
om .. p: yeep products incident to perfect combustion, but 
igus soe ye é he ee ep ~ Sey 8 classes of fucle, but 
10) resulting from the complete ean aieé. estes cual 
it, Irrespective of the air excess, but hate untben beac 
“ ; e percentage b - 
. ' oa on ome increases. Furthermore, the se BPS Ay = ia 
: hee Per ee Ng bi aphekge with the amount of excess 
for the complete combustion of ee ae pin a lee iia 
jo in incomplete, neither the percentage of CO, or Chaba 0. ie 
2 is an 


It has been shown that the products of com= 
bustion, commonly called flue gases, resulting from the complete oxida- 
tion of a fuel with theoretical air supply, consist chiefly of Nz and CO, 
with small amounts of water vapor and SOs. It was also shown that 
with a deficient air supply the flue gases may contain CO, He, and vary- 
ing amounts of hydrocarbons. If air excess was used in the combustion 
process or air leaked into the setting, free QO, would also be present in the 
gases. Evidently an analysis of the flue gases is an index to the amoun 
of air furnished and, as will be shown later, is an important factor in de 
termining the heat losses incident to combustion. The various @ 
pliances for sampling and analyzing the gaseous products of combustii 


are described in Chapter XVII. 

Tf a sample of flue gas shows the presence of only CO2, Ne, H2,0 am 
possibly SOz2, it is positive evidence that combustion is perfect. T 
result cannot be obtained in the commercial combustion of any fuel, 


cause of the impossibility of completely oxidizing the combustible e: 


ments with the theoretical air supply. 
If free Oz is present with the CO2, No, and SOs, combustion is comple 


but air has been supplied in excess of theoretical requirements. In pr 


tice, air excess is necessary, the minimum amount in an air-tight setti 
depending upon the nature 


46. Flue-gas Analysis. 


varying from 10 to 50 per cent or more, 
the fuel, the design of the furnace equipment, and the rate of combusti iadee to the air exctia witless the oh 
= burned combustible is known. In eas ry Hee pag tak 
a tie, the unburned combustible in the flue eb waa fing 
in 





a ” ope the Oz or COs is a fairly satisfactory index. The 
’ ‘Oz is universally used as the index b 
Which it is obtained. Th SMEG hut Grea 
f e percentage of COs, b 1 i 
feeous products for compl 1 S Era dtainee of 
plete comb 
varying air excess, is shown in Fig. eriaeas is caer a 


‘The Values in the curv 
22 strictly to the particular sample anal; 
but are representative of the ie, ay 
ay 


Sh fuels-for- rough appro: 
hace Gas 






















ree 8 








/ eveloy I a . Sept. 18 1923 p. 461. 
ip lopments um lue Gas Analysis Power, y A 
” elation of | lue-gas Analysis: Combustion, Feb. 1924 p 115 

’ sd 4 








CO, Per Cent by Volume 














, Ale Actually Supplied for Comb 
! ustion. — In i 
hat is ory iy directly in situations here tach eee 
readily made, as in connection with hani ae 
tive aly supply is forced to flo vecathis Sau eee 
w through a conduit i 
in the rate of flow ma mie A Karat 
y also be closely approximat: i 
uve drop across the boiler. (S ; Medicis eed 
vl lentil . (See paragraph 343.) In most 
ysical 1 asurements of flow are not feasi 
\ al alt supplied is calculated from the Stedin sulcie a 
mocurate method for determining ai | 
g air excess i 
of wae in truly representative of average conditions Paie 





























Fia. 14. Relation between Per Cent CO: by Volume in the Dry Flue Gases and 
Excess for the Complete Combustion of Typical Fuels. 


For complete combustion with air excess, the percentage of COs or Ox 
a true index of the excess, but it should be borne in mind that the 
mum theoretical per cent of COs is a function of the fuel itself and 
from about 9 per cent for by-product coke-oven gas to over 25 per e 


for dry blast-furnace gas. This is illustrated in Mig. 14. 
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It has been previously shown (Example 8) that the coal under con- 
sideration requires 8.87 Ib. of air for theoretical combustion, hence, 


Air excess = 100 (11.86 — 8.87)/8.87 = 33.6 per cent. 


If COz’, CO’, 0’, N’ = proportional part by weight of the eas ae 
carbon Biptonide; free oxygen, and Peri HA a eles om ee 
hs os } 
‘cht of carbon in the COz = 3/11 COz an | 
The weight-G of dry gas per lb. of carbon actually burned is 
~ CO! + Of + CO’ + N, (18) 
@ = “3711 GOy + 3/7 CO 


‘The 7 N in equation (19) represents the N supplied by the air less the | 
fegligible amount furnished by the coal itself. Since the nitrogen con- 
font of air is 77 per cent of the weight of the air, we have 

x. 7N 3.03 N 


+ 0.77 = 


gases, 


= 32/385 etc. (See equation 9.) 
Q,! = COz X 44/385, 0’ Ox ; 
eats nes values in equation (18) and reducing, we have 
1100, +80+7(CO+N) (19) 
ase 3(C0:+ C0) 
i f minor co 
i O+N = 100, neglecting traces o 
, crete eons nas -O- N. Substituting this value of C 
ituents, = ( 
in the numerator of equation (19) and reducing, we have 


g = 4002 + 0 + 700 (20 
= 3 (CO: + CO) 


ti which 


A, = the weight of dry air supplied per pound of carbon burned. 

N, COs, CO = percentages by volume of nitrogen, carbon dioxide and 
firhon monoxide in the flue gas. 

lor the example cited above: 


Ae = 3.03 X 81.2 + (12.8 + 0.6) = 18.36 lb. 
Wor the coal under consideration: 


: ‘ . Ib. of Dry air per lb. = 0.65 X 18.36 = 11.93 
— ine the weight of dry air supplied per 
ee esis “4 pace sai 9, if the flue gas resulting from the co: 


5.4 The term 7 N in equation (19) neglects the nitrogen content of the fuel 
CO. 12.8 4 81.2 If, ond for this reason the formula is not applicable to fuels high in 
CO 0.6 ‘J ; S Hilvowen, as for example, blast-furnace gas. 
Solution. — Substitute the various percentages in equation (20) a The percentage of CO2 by volume, in the dry gaseous products, for 
ant Sas ini plete combustion of several classes of fuels with varying air excess 
j ; 


4 X 12.8 + 5.4 + 700 = 18.82 lb. of dry gas per |b. of car 
G = 3 42.8 + 0.6) 
actually burned. a 
i ins 0.65 carbon, the dry gas per 1b. 0 
oS - inn. 12 arth It part of the coal falls ca et grates 
ie cae the case in practice, the tg Po haiti actually burne 
i f the total carbon content. 
et aiairsiats of dry air actually supplied per Ib. of coal burned is 


12.23 — 0.65 + 8 (0.044 — 0.072/8) = 11.86 


shown in Fig. 14. 

Vor o given furnace and a given fuel, there is a definite air excess which 
yee (he maximum overall commercial efficiency, but this can be deter- 
tied only by actual service test. 


Nifeot of Air Excess on Flue Temperatures and on Efficiency: Power, Apr. 22, 1923, 
wu 


#4, Temperature of Combustion. — The actual temperature of the fur- 
, fiel bed, or any other part of the furnace equipment is most 
wwotorily determined by means of a suitable pyrometer. Great 
, however, must be used in making such measurements, as shown in 
115, U. 8, Bureau of Mines, 1918, by Kreisinger and Barkley. The 
‘ium theoretical temperature resulting from the combustion of an 

tay be calculated from the simple relationship i 


Heat absorbed = heat given up 


: we ‘ sn ghould 
re present in appreciable quantities, this expansion 8 
Po concyre she numerator; if the hydrocarbons, Coy 4 a Qe 
16 oe Cyl, and 4 CH, should be added to the numerator, and . - yoo 
ld be added to tho parenthesis of the denominator. Exeept in eed i fe 
on of theae is high, or where extreme accuracy 1s desired, A 
po trl at neesince of these constituents in caloulating the s 
ed er analysis is an approximation at the best, and refinement 


Tntion in without purpowe, 
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Assuming that all the heat generated is absorbed by the products of radiation if th : ) 
maximus e actual temperature is 500 degrees less than the theoretical 


combustion, this relationship may be expressed 
yh = Solution. — s : 
ve 0-H ea) 1 ee ee ie eaetarad caer 
. . ? re, 
in which produ for 50 per cent air excess = 1.5 X triage - M7 ‘be Sub- 
stituting w = 18.37, ¢ = 0.265 (assumed), ¢ = 60 in equation (22) ana 


the products of combustion, Ib. per lb. of fuel reducing 


¢ = mean specific heat of the products of combustion 
t, = final temperature of the products of combustion, deg. fahr. 
t = initial temperature of the fuel and air supply, deg. fahr. * ‘ 
H = heat actually liberated by the combustion of the fuel, B.t.u. per lb. at the actual temperature = 3100 — 500 = 2600, the 
ransmitted by radiation may be calculated by mibatieverie ile Be 
calculated from equation (22) is purely or r in equation (23) thus: os 
ce, because apparat 
equse 20 8p 18.37 X 0.265 (2600 — 60) + r = 14,600 
y = 2235 B.t.u. per lb. of carbon, or 


w = weight of 
18.37 X 0.265 (t: — 60) = 14,600 


t, = 3100 deg. fahr. (approx.) 


The final temperature, 4, as 
hypothetical and can never be realized in practi 
has been constructed which permits all of the heat liberated to be absorbe 
by the products of combustion. In any kind of an enclosed furnace 15.3 per cent of the calorific value of the fuel 
as in a reverberatory, or blast furnace, or beehive oven — temperatures In modern stoker-fired furn P , : 
calculated by means of equation (22) are much nearer the . valu heating surface is exposed to pg dee Sg ine diprs of the boiler 
than those found in boiler furnaces, chiefly on account of the heat radiatec total heat’ absorbed by the boiler is ras fue “ai pa, of ‘2 

Dien gh radiation. 
enelosed’ furnaces of the “Dutch Oven” type, this quantity is totihoaaal 


from the fuel bed or furnace walls to the cooler surrounding surfaces. By 


including a suitable factor for radiation, equation (22) may be used fo lows than 10 per cent. 
approximating the actual temperature of combustion; but attentior In practi i raed 

should be called to the fact that this factor (as well as , ¢; t, and H itt tu point priate care ad sewn timated by the aattcing 

equation (22)), is the product of many variables and requires carell Ii order to maintain a safe fuel-bed tem nia 2 cbieneh clinker. 

analysis for even approximate results. If r = heat radiated to and ak fede the amount of air excess to a resent ie at the same time 

sorbed by the surrounding cooler surfaces, B.t.u. per lb. of fuel, equati holler heating surface is exposed to direct radiation { eat rae 
(22) may be expressed . Vor an excellent article on the relation between ine a 

wel -) +r =H : Pxeem air, and the rate of combustion, see “ Combustion “e spade 

Wi, MacMullin, Combustion, May 1922, p. 224. ree 

Hutu relative to the specific heats of gases are rather discordant. The 


The weight of the gaseous products of i 
from the flue-gas analysis, as shown in pi i ' lowing equati . 
- juations are considered to be as near 
d air excess and completenes {yolplos of Thermodynamics, G. A. Céddenaiide a at x oan (See 
-] od ° . . 


determined for any assume 
The mean specific heat may be closely 
Hoy Ny and CO, C = 0.246 + 0.000,009 ¢ (24) 


as shown in paragraph 45. 
proximated, as shown in the latter part of this paragraph. The bh 
Og C = 0.215.+ 0,000,008 ¢ (25) 


actually liberated by the combustion of the fuel may be obtained with 
fair degree of accuracy by subtracting the heat loss due to incomp Hy C = 3.44 + 0,000,135 ¢ (26) 
tal heat value of the fuel. The amount of Alr C = 0.238 + 0.000,0086¢ . (27) 
COs C = 0.2 + 0.000,0365¢ — 0.000,000,004 # (28) 


combustion from the to 
transmitted by radiation may be roughly approximated from equi bi 
HO C= 0.438 + 0,000,0432t + 0.000,000,0023 # (29) 


(42), 
18, — Required the theoretical temperature of comb 
‘of carbon in alr, if 60 per cent air excess is necessary for complete comb 
ween 2000 deg. fahr, and 2800 deg. fahr., the results are uncertain, 


vo ia no radiation or other loss; initial temperature ¢ 
fahr, Required also the amount of heat transmitted pendence can be placed only in the first two significant figures in 


* mean specific heat at constant pressure between zero and ¢ deg 
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the decimal. Beyond 2800 deg. fahr., the results are purely conjectural, 
since experiments have not been made at these high temperatures. 

If the mean specific heats, C1 C2. - + Om and weights Wi W2- - - 
of the constituent gases of a compound are known, the mean specific — 
heat of the compound may be determined as follows: 


various losses, includin i ili 
, g the heat utilized, constit i 
nace “ heat balance.” The losses usually sheen sai ; are 
Developed heat discharged through stack 
1. Dry chimney gases . 
2. Moisture in fuel 


Wn 


_ Wier “TF Wale F Wan (30) 3. Moisture from 7 
NERY ye , combustion of h 
itis 2 ee Ue 4. Mapes ete a of hydrogen 


l'uel losses 


a. Loss due to carbon monoxide 
b. Loss of fuel through grate 


The application of equations (24-29) at high temperatures to equations 
(22-23) necessitates laborious calculations; and since the results are only 
at the best, extreme refinement in calculation is without 


approximate 
purpose. The curves in Fig. 15 are plotted from these equations and | c. Unburned fuel : 
afford a means of approximating the specific heat without the labor of Radiation and hr fags carbon monoxide) 
solving the equations. Bame of théee lou : 
s are ; ; 
DS avoided. re preventable; others are inherent and cannot 































































0.28 
ToT The he ‘nei 
we den LEE 10 heat losses incident to the combustion of fuels in boiler uni 
ee i Patt ded oh eld the products of many variables; mare 9 pe s in boiler units are 
ye oS Re =n BECCE CEE Beipirical rules whi les; and while it is possible to establish 
Sos TTT (labo et s which give satisfactory results within a limi me 
8 eee fational calculations ; s within a limited range, the 
pos etter Ty iE Eee will be ons are comparatively simple and therefore 
anaes nene ee © made to include empirical factors. Consi det wmen) 
ce Nae Beer rt a Way be saved by substituti ae iparise tpi ae oo 
3 se none ' d by substituting constants for variabl : ‘ 
fone Mation to its simplest form, provid Peles Sah ee eae 
oa 90.221 meen 4—— ocean Values for the const: * , provided the variation in the assumed 
pore SS terri nstants is not sufficiently great to seri 
rr Cee tart | ta tts femulta, great to seriously affect the 
ken =e AEP Pret tt M0. Sensib 
§ stom Lee tH CL , Sensible Heat Lost in the Dry Chimney G: 
whom ere ttt tt Wijon the nature of the fuel, t ey Gases. — This loss depends 
5 Eee r el, type and proportions of boiler, f 
a, EEE EEE EEE EE iw, and upon the rate of driving. It is usually the esi 6" ae 
T a , ‘The heat carried away may be expressed: greatest of all the 





0 500 1000 1 
Temperature, Degrees Fahrenheit’ 


Fic. 15. Mean Specific Heat of Gases. h = w (t, — the, (31) 


Which 
Ay » 3.t.u, lost per Ib. of fuel 


w weight of dry chimney gases per lb. of fuel 
i, » \omperature of the escaping gases, deg. fahr 


49. Losses in Burning Fuels. — A boiler, in order to entirely w 
the heat of combustion of the fuel, must be free from radiation and le 
age losses, the fuel must be completely burned, and the products of com 
bustion must be discharged to waste at a temperature somewhat belo } = \omperature of the ai , 
that of the initial {uel and air supply. While it is possible to design a bo # © moan specific heat ce ‘Mass ay ee 
and furnace to effect this result within 1 per cent or 80 of perfection, suc for most purposes.) ry gases. (This may be taken as 0.24 
an tion would not be a commercial success with fuels at the pre Mance at equation (81) 
price, because of high first cost and cost of operation and maintenance, , equation (31) will show that this loss 

ore : may be reduced 
which ithe por cent of oayte Hog Ld scope a coop hank cg of ste praaaats of combustion and (2) by fr 
figure good practi ni . ween ; *. 

fit flue gus leaving the boiler. the sit entering ee 





——— 
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. I . . . 
1y a high CO content, sometimes leading to secondary or delayed combus: 


tion between the boiler tub oe baad 
the fusiimises. es, and resulting in increased temperature of 


To reduce the weight of the products of combustion, the air excess must 
be lowered. For a given furnace and boiler equipment, and fuel, there — 
is a definite air excess which gives the maximum overall efficiency, but 
this can be determined only by actual service test. With gaseous, liquid, 
and powdered fuels, this excess may be kept within 10 to 20 per cent 
over theoretical air requirements, but with bulk fuels, the minimum ex- 
cess is seldom less than 35 per cent, except in connection with scientifi- 
cally operated large plants. In the average plant, the excess ranges from 
50 to 200 per cent or more. 

The temperature difference between the air supply and flue gas may 
be reduced by preheating the air, or by lowering the flue gas temperature, 
or both. Unfortunately, this temperature difference for a given equip- 
ment and fuel is a function of the air excess and rate of driving, and there= 
fore cannot be reduced per se. This is on the assumption, of course, thai 
neither economizer nor air preheater element is installed. 


The temperature of the flue 
a ‘ gas cannot be 
_ that of the heat-absorbing surface with which it was ini ba 
) aS & matter of fact, ranges anywhere from 15 to 400 degrees ab ' 
mat minimum. See Figs. 55 and 65. Y kcal 
Tage coe dy by sis tnt chimney gases ranges from 3.8 per 
at generated in the best recorded perf ' 
ae plant with economizer, to 30 per cent ke image hs Sr 
“% te bulk-fuel plants. See typical heat balances, Tables 18 and 19. 
ves in Fig. 16 give the dry chimney-gas loss for different fuels 


u“ 4 


The Values in these curves " ~ 
ad particular sample analyzed Ie are representative 
























































. . kc of the different classes of fuels f is 
It is possible to abstract as much heat from the flue-gases by the air pre= |: approximations, be 
heater as with the economizer. By using air in this manner, the maximum Bi, is arn, 

opportunity for raising the turbine room efficiency is offered, and in the 1} —}— Aes last ry! 

ang . ? } " ) eltar ae gt 
boiler room the same heat from the flue-gases can be recovered but with ad= ‘ r ade ZL 

ditional intermediate improvement in combustion efficiency. Combustion ti , a Cond “Gas = 

reactions are greatly accelerated by increasing the temperature, and with ‘ en 'Ga ae 

preheated air it is therefore possible to more nearly obtain complete come : - 














bustion with lower percentage of air both on the grate and in the combus 
tion chamber. Preheating air not only increases efficiency but makes possk 
ble higher rate of combustion with low ashpit losses. See paragraph 264, 

Considering the temperature of the air supply as atmospheri 
which is the case in the great majority of installations, the tempe 
ture difference can be reduced only by lowering that of the flue g 
This may be readily accomplished through the use of economizers (see 
paragraph 261), but for the boiler proper, air excess above the mini 
mum for best efficiency usually results in increased flue-gas temper 
tures, though, of course, it is possible to carry. this dilution to a po n 





id 18 2.2 2.6 3.0 
2 26 80 34 88 4 
Sensible Heat Carried away by Nga Shs) SO Ee Be SSRs See 


1 Flue G 
Temperature Difference, Per Cent of Heat. Saice pepo ind aes 


Relation Between the Sensible H i 
ata eat Loss in the Dry Flue G 
Per Cent of CO, for Complete Combustion of Typical Tok. Hanis 


TA 


Vin, 16, 


th varying degrees of air excess, as indicated by the CO: content for 


\ | OO ¢ le ere es difference i n tem erat Ww 0 t e 
‘ 7 
: 4 ' in | | p ure bet een that f h air sup: 


Peample 14. — Calculate i n im 
‘ vale the sensible heat loss in the dry chi y 
if pure carbon is completely burned with 50 ay ae, air Jae 


where the flue-gas temperature will be lowered. The theory invol Hla! temperature 60 deg. fahr; flue-gas temperature 460 deg. fahr 

in this apparent anomaly includes such factors as heat-transfer ra lution, — The weight of dry chimney gases for the c 1 ; 

difference in temperature between the gases and the absorbing surfac (’ ay of pure carbon with 50 per cent air excess is 1.5 Rat anat 
, por Ib, of carbon. : 58 + 1= 


the percentage of the total heat absorbed through radiation and cor 
vection, and so on; but the fact remains that for a given equipment, f 
and load, air excess above a certain minimum results in increased fl 
gas temperatures A high percentage of CO» is frequently accompan 


Substituti ve ; 
jiation (31) and reducing 41 gma 0 mA eee 


hy = 18.87 (460 — 60) 0.24 = 17 
.24 = 1763 B.t.u. : 
» 14,600 = 0,12 = 12 per cent of the heat value pepe carbon. 


ow Lows Due to Evaporating the Moisture in the Fuel. — Moisture 
war the efficiency of the steam-generating apparatus by dis- 
wt up the stack in the form of highly superheated steam 


| Preheat and Beco Air on Combustion of Fuel: Power, June 14, 1921, p. 960; 
80, 1021, 400; Nov. 20, 1021, p. 844; Apr, 22, 1924, p. 634. 





a so 
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loss would be about 15 per cent of the heat value of the fuel as fired 


With ordinary good coal, the 1 
ee. Fey oss seldom exceeds 0.5 per cent of the heat 


Except with green fuels very high in moisture content, such as bagasse, — 
tanbark, wood and the like, the heat loss is of small consequence. On the 
other hand, many coals burn to better advantage when properly tempered 
(moistened) than when burned dry. According to tests conducted by 
T. A. Marsh! with Western coals, (1) properly tempered coal has less 
resistance to air flow than either very wet or very dry coal, (2) very wet 
coal has less resistance to air flow than very dry coal, (3) properly tempered 
coal burns to a cleaner ash by decreasing the fuel-bed resistance, and (4) 
properly tempered coal causes less siftings than dry coal and is produc- 
tive of fewer holes in the fire bed. Exhaust steam for tempering pur 
poses gives very satisfactory results and is extensively used. See also 


paragraph 103. 
The loss due to evaporating the moisture may be expressed 


he = w[H — a (t — 32) +e’ (e — t’)) (32) 


What Happens to Moisture When i 
RNa 107s, c. 1001, en tt Enters the Furnace: Power, Oct. 30, 1923, p. . 


6%. Loss Due to the Combusti , 
ie on of Hydrogen in the F — 
4 gee ‘weigh ba that in the free moisture) in Beg a nt pe 
“r, and in so doing liberates a certain 
og amount of heat. A i 
ll “ ag woe for producing steam in the boiler, since nl ee 
‘mod by combustion is discharged with th : 
e fl 
mean at chimney temperature. This loss is oranda Wiel 


hs = 9 A (1090.7 — t 

Wi which el toate BP 
hy ~ B.t.u. lost per Ib. of fuel 

i! » weight of hydrogen per Ib. of fuel. 


os other notations as in equation (32) and (33). 
MW eee coal this loss is approximately 2.5 per cent of the total 
as te. ‘ook e bene iuicpin and with bituminous coal it runs as high 
caren ge abcess. 14 por cont otis uott eolae on an 
inivers, these losses may be i pet: ie cs Se 
> con Loss Due to Superheating the Moisture in the Air. — The | 

) thin cause is @ minor one, though on hot humid pr it m a 
wiable, Except in very carefully conducted boiler tests, it es 
anced, since its value is usually less than the errors of b ae 
fieny of the influencing factors. This loss may be ertoneed: Hye: 


in which 
ho = B.t.u. lost per Ib. of fuel, 
w = weight of free moisture per lb. of fuel, 
H = total heat of 1 lb. of saturated steam above 32 deg. fahr., corre- 
sponding to the temperature at which evaporation takes place. | 
c: = mean specific heat of water, 32 to ¢ deg. fahr. 
i = temperature of the fuel, deg. fahr., 
c! = mean specific heat of the water vapor, i, to ¢ deg. fahr., 
= temperature of the chimney gas, 
i’ = temperature at which evaporation takes place, deg. fahr. 
The temperature at which evaporation begins is low because of t 
low partial pressure of the vapor in the gaseous products of co 
bustion and may range from 70 to 120 deg., depending upon 
composition of the gases and the amount of moisture evapora 
Fortunately, the term H — ct’ is practically constant for a Wi 
range of t’ and consequently a knowledge of the actual value for 
set of conditions is not necessary for the purpose at hand. 


Assuming c! = 0.455, c: = 1 and taking H from the steam tables for 


values ranging from t’ = 70 to i’ = 120 deg., we find that H — 0.455 U = 


1058.7. Substituting this value in equation (32) and reducing 
he = w (1090.7 — t + 0.455 te) ( 


> 
| 


ha = we (t, — 8) ; 
Which , "ae 
-J © tu, lost per Ib. of fuel, 

© welght of moisture introduced with i 

m the air 7 

* © thean specific heat of water vapor, t to ¢, Stake ata 
| © temperature of air entering the furnace, deg febr i 
i, © lomperature of chimney gases, deg. fabr. ; 
w = 2dvA 
q (36) 


relative humidity (see paragraph 409), 


weluht of 1 ou. ft. of water vapor 
Aes por at ¢ deg. : 
taken directly from steam tabl Ay deg. fahr. (this may be 


The loss due to superheating the free moisture under average 
operating conditions is approximately 12.5 B.t.u. for each per cent 
moisture, ‘Thus with wood waste containing 50 per cent moisture, 


iter Plant Wnginooring, Feb. 15, 1923, p. 215; Combustion, Jan, 1924, p. 
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: that in the CO = 3/7 CO’ : 
cu. ft. (for the purpose at hand this may be taken as the ; /7 CO’, and the weight w,, of CO Ib 
volume of 1 Ib. of dry air). od « per lb. of fuel as fired 


A = weight of dry air supplied per lb. of fuel. 


This loss seldom exceeds 0.5 per cent of the heat value of the com- 
bustible portion of the fuel and is ordinarily less than 0.3 per cent. 


} = volume of 1 Ib. of dry air plus its moisture content at t deg. fahr., 


Wo = Ce SUN 
3/11 CO,’ + 3/7 GO’ (37) 


5. — Calculate the heat lost in superheating the moisture in Nubstituting these values in equation (37) and reducing, we have 
2 


Example 1 
air under the following conditions: Temperature of air entering furnace, 
100 deg. fahr.; temperature of flue gases, 550 deg. fahr.; relative humidity Wo=C Soot eee oe ee 
3 (CO, + CO) (38) 


of air entering furnace, 40 per cent; weight of air supplied per lb. of fuel, 
00 B.t.u. per Ib.; standard at- 


hut 3 7 of the wel ht of the monoxide 18 carbon; therefore, the weight 


mospheric pressure. uf carbon, w,, in the CO con 
’ tent of the fl 
+ {= 100, we find d = 0.00285 Ib e flue gas, per Ib, of fuel as fired is 


Solution. — From steam tables fo W/7 We or 


and by means of equation (8) we calculate v = 14.11 cu. ft., A = 18 lb. 
WwW, = C we Oi 4 
CO: + CO (39) 


and z = 0.40 as stated. Substituting these values in equation (36) an 
Mince the heat of combustion of C to CO is 4,440 B.t.u. against 14,600 


reducing, we have w = 0.40 X 0.00285 X 14.11 x 18 = 0.29. 
c¢ may be taken as 0.46. Substituting c = 0.46, t = 550 and ¢ 
Wi, for compl : 
= plete combust 
Represeod ustion of C to COs, the heat loss may be 


in equation (35) and reducing we have 


ha = 0.29 X 0.46 (550 — 100) 
= 60 B.t.u. per lb. of fuel. 
hs = we (14,600 — 4,440) = ¢ 0,160 CO . 
CO, + CO (40) 


Wi which 


/y = heat loss due to the escape of CO, B.t.u. per Ib. of fuel as fired 
: f ed. 


60 + 12,500 = 0.005 = 0.5 of 1 per cent of the heat value of the fuel, 


e. — In the absence of sufficient oxy; 


54. Loss Due to Carbon Monoxid 
for their complete combustion, the complex hydrocarbons, constitutin 


the volatile matter leaving the fuel bed, are quickly decomposed by Miher notations as previously defined. 


yy 
Ihiis loss may be reduced to a negligible quantity in a properly d 
y ae- 


; ; 7 : 
a a reap eeye Phreeage ial nnd carefully operated furnace. In f 
The persistence of CO in the furnace gases is due to the constant reacti Hien exaggerated and seldom eecokdl 1 act the loss from this cause 
p g Mis fuel except during the few mom Se Pe of “8 total heat value 
ollowing the replenishing of a 


between soot, He and e Je, 
e 1@) 


comprises approximately 80 per cent of the combustible gases; the o' MM iudden seduction in. load 
; : due in load. ‘ : 

20 per cent consists mainly of hydrogen and a trace of methane (C Sis ‘volatile gies and 08 In improperly designed furnaces in 

Unless sufficient oxygen 1s present to completely oxidize the products ¢ \ air supply are not thoroughly mi 
distillation within the combustion zone, or the mixture of air and Ying the furnace, or where the temperat Oy ee eee 
is not thorough, or the tem ture in below the ignition point of i ls reduced below the igniti ted of. the ‘procscas i mee 
gh, e pera elow igni po ls womplete, a considerabl on point of the gases before oxida- 
gases, some of the carbon may escape as CO. The presence of even A ante the hes sie e amount of CO may escape unburned, and 

' . me . . . q Yy prove t : . ) 
sal noun of CO fh Be anh resee dag 

’ ' ’ ! amount of CO may be expected in the fi ag ipod presence of 
ue gas for high percentages 


the flue gases therefore cannot be detected except by analysis. 

If C ia the proportional part of the carbon in the fuel which is 
burned, and COs! + CO! = percentage by weight of the CO, and CO 
tho dry flue gaa, then the weight of carbon in the COs = 3/11 COY, 


In & number of recent te 
, sts of modern central stati i 
a) <4 -e oho cent of standard rating, the loss saunas anal 
dey Adsl from 0.2 to 1.95 per cent of the heat 
rm bituminous) with a general average, extended 
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99 
high percentage of CO and a great excess of air supply to exist at the 
TABLE 13 same time, though this combination is not likely to occur in a properly 
USTION OF PURE CARBON TO CARBON MONOXIDE designed and correctly operated furnace except at very low rates of com- 
fo ee bustle? Tee. 
; Per Cent by Volume of CO: in the Dry Flue Gas 
3 ; 8 10 ie RELATION OF CO AND COMBUSTION-CHAMBER TEMPERATURES 
© Cee ee anal ——— : 
3 0.39 (U. 8. Geological Survey) 
a 4 oso | 0.59 | 0.58 | 0.49 | 0-88 | O77 
P| 0.1 1.70 O70 | 1.37 | 1.15 | 0-99 | OS | sap 
- 0.2 ye 2.53 2.07 i 1.70 1 Fl Per Cent of Black Smoke 
2 | 0.3 . 3.33 | 2.69 gai | 2.12 | 1.8 
3 eH e) ie a4 22 2.87 as 2a 0 | 0 to 10 | 10 to 20] 20 to 30| 80 to 40] 40 to 50] 50 to 60 
: 33. | 2. ' it GA eT, Le Tt Pee 
0.6 9.41 514 | 4.58 | 3-86 | 33 3.33 | 2.98 
Lite ee 6.36 | 5.18 eo ae: 3.73 | 3.33 Memmiber of teeta as var sna sed 33 dis 37 18 56 51 36 17 4 
q 0.8 Jeceeeres 7.08 5.28 ee 4.66 4.22 3.68 Average por cent of smoke.................66. 0 7.1) 15.5] 24.7] 34.7] 43.1 52.9 
Kd sR a 7.78 6.36 5. 5.62 4.88 4.37 Average per cent of CO in flue gases.......... 0.05} 0.11} 0.11) 0.14] 0.21) 0.38 0.35 
ARO lessee opens se $e 9 12 7.50 6 4 6. 36 5.63 5.05 Avernuo per cent unaccounted for in heat bal- 
ss ‘4 + HARE) EO Oy a ved a 7.18 | 6.36 a RRR ie a or 9.14] 10.60} 9.46] 10.93] 11.41] 13.41] 18.84 
=| Piece wer se Sl Yee a = . 7 08 F ee) eS ee ee ee ee 
ts) Ie EO Ne TT is See, Ne 9.14 ce 7.78 7.00 BuiMbor of tests®............cccssccscceeseres 26 16 48 45 32 17 4 
é 45 PEGE ER PSE eae al Garten Asc SaaS a yee combustion-chamber temperature 
+) gael ba deged aoa. Mme fabr.), ; ...505.. ccd op eaeeeen a eane 2180 | 2215 | 2357 | 2415 
be 14,600 B.t.u. per Ib. : 
te brn ne rors fuel assumed to be burned to CO and CO2 — 
e en 





t of COs im 
these tests the per cen : 
of 0.4 per cent. In ears to in 
over several rey from 11.95 to 15.45. The CO content +e ce 
— ‘th ag in CO, and furnace temperature, 
crease Wl 


* Temperatures in combustion chamber were not determined on all tests. 


Vxample 16. — Calculate the heat loss due to the escape of CO in the 
hy gus for the following conditions: 




































Per cent CO and CO, by volume 
the flue gas, 0.6 and 12.8, respectively; analysis of coal as fired — C 
, wh 0,18, B.t.u. per lb. 11,850; combustible in dry refuse, 20 per cent 
COOL Molution. — Carbon actually burned = 0.65 — 20 x 18/(100 — 20) = 
eC EH eee H175 lb. per Ib. of coal as fired. Substituting this value for C in equa- 
: SECC E ECE eo #40, noting that CO = 0.6 and CO, = 12.8, and solving 
2 acces sition of Ges Compastion Seer, |_| Il, = 0.6175 X 10,160 x 0.6/(12.8 + 0.6) = 281 B.t.u. per Ib. 
% ® EEC Combustion CYBame Place 1 + 11,850 = 0.0237 or 2.37 per cent of the heat value of the coal 
Pe s fired. 
§ FECT LL ee “ 
| [> 
3 8 See 
¥ CCC M4. Lows of Fuel Through Grate. — The refuse from a fuel is that portion 
: SECC }) falls into the pit in the form of ashes, unburned or partially burned 
4 ie and cinders, 
7 Pat BR A ; f ’ 
é - BEC Ese oj 4} wtoum boiler practice the unconsumed carbon in the ashpit ranges 
oi rT LLLLI 
Co Je R 


Kab. 
Combustion Chamber. Temperature, Deg . 
Pro. 17, Relation of Gas Composition to Tomperature 


250-hp. Heine be 
hich are based on teats of a 

Li ie ites “ aay tall absence of CO is to Oe 
nto ‘ol ecow in any well-designed furnace; but it is poss 


~,* 14 wy aty 
’ 


10 to 50 per cent of the total weight of dry refuse, depending upon 
sive nod quality of coal, type of grate, and rate of driving. The loss 
tiie from this waste of fuel ranges from 1.5 to 10 per cent or more, 
heat value of the fuel, It is impossible to assign a minimum value 
of the various influencing factors, but numerous tests of recent 
ona, equipped with mechanical stokers, indicate that actual loss 
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lue of the fuel at normal driv- 
1.5 to 5 per cent of the heat value ot the ) 
ary ogee which necessitates frequent slicing 1s apt to give greater 
5 . . ® al. 

from this cause than a free-burning co ? 
Picsnive tests conducted by the American Gas & tee pris a 
nald Trautschold, Power, Feb. 22, pe p. 256) “pd wa : Bea 

ible in the refuse 1s no 

yearly loss due to combustible in the agi 
increases as shown by the “actual 


> loss” curve in Fig. 18. ae 
H the reduction of the combustible 
10 
: PCC content from 10 per cent to 5 per 
as yy 


cent effects a yearly saving im 
the ratio of 12.98 to 5.83 instead 
of 10 to 5. The percentage of 
combustible in the refuse also 
appears to increase with the i= 


oe 6 ee emt crease in initial ash content. 
Equivalent Ooal Loss Due to Combustible in Ash, Bs acai pie of natieall 


Fie. 18. Coal Loss Due to Combustible weabelisg qrates in which ala 
aa percentage of the fine fuel fa 


through the front end of the grate, a special hopper is ordinarily install 
in the ashpit which reclaims most of it. (See Fig. 167.) 






If h, = calorific value of combustible in the dry refuse, 
a = percentage of combustible in the dry refuse, 
a = percentage of ash in the coal as fired, 


he = heat loss in-the refuse, B.t.u. per lb. of coal as fired. 


Then, assuming that all the ash in the fuel as fired arene os 
the weight of combustible in the ashpit may be expressed as ya + 
(100 — y) lb. per lb. of fuel as fired, and the heat loss as 


— Je (__ye ) 
hs = 799 \i00 — y 


iler test, i he combustible in t 
e boiler test, the calorific value of t 
i cael olny taken as that of pure carbon, but for accurate resul 
i jc determinations are necessary. 
point (41) should not be used if an appreciable wisn oe 
is deposited throughout the setting or discharged rae Sa 
In this case the refuse in the ashpit should be weighed an y 


bustible, 
re Due to Carbon in Furnace Refuse: Power, Sept. 23, 1919, p. 500, 
Abhpit Lowa: Combustion, Aug, 1928, p. 175: 





ee Ee 


Wie db 












































$9" Sontaining only a few per cent of free oxygen. 
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56, Loss Due to Visible Smoke. — Soot is formed by the incomplete 
vombustion of the hydrocarbon constituents of a fuel. All hydrocarbons 
ive unstable at furnace temperatures, and unless air to insure complete 
‘ombustion is mixed with them at the time they are distilled, they are 
(julekly decomposed, the ultimate product consisting mostly of soot, Hp 
tu CO, Soot is formed at the surface of the fuel bed by heating the 
liyelrocarbons in absence of air; it is not formed by the hydrocarbons 
Milking the comparatively cool heating surface of the boiler. As a matter 
Mf feet, only a small trace of hydrocarbon gases reaches the boiler heating 
Miithee, provided there is a supply of air above the fire; hydrocarbons 
that do wo are prevented from decomposition by the reduction in tem- 

five due to contact. Once formed; it is difficult to burn it in the 
twphore of the furnace, because the oxygen is greatly rarefied, the 


Peperience with burning soft coal shows that, if soot is once formed, 
larue percentage remains floating in the gases after all the other gaseous 
Hiwwtibles have been completely burned. Part of the soot is deposited 
{he (bes and throughout the boiler setting, while the rest is discharged 
i# the stack with the gaseous products of combustion. A smoky 
fy coos not necessarily indicate an inefficient furnace, since the 
lowe ue to visible smoke seldom exceeds 1 per cent. See Table 15. 
# Matter of fact, a smoky chimney may be much more economical 
fie that is smokeless. Thus, a furnace operating with very small 
yee Miny cause considerable visible smoke and still give a higher 
tion than one made smokeless by a very large air excess. There 
te wome lows due to CO, unburned hydrocarbons, and soot in the 
foe, but in the latter this may be offset by the excessive loss 
hy the heat carried away in the chimney gases. In general, how- 
mieky chimneys indicate serious losses, not because of the soot, 
meount of the unburned, invisible combustible gases. (See 
17) ‘The loss under this paragraph heading refers strictly to the 
Mnhustible discharged up the stack and not that deposited on 
wid in various parts of the setting. With natural draft the 
hin exceeds a fraction of 1 per cent of the heat value of the fuel. 
wf very high rate of combustion under forced draft, the loss due 
{iile in the cinders may range as high as 10 per cent or more. © 
wed furnace, properly operated, will burn many coals without 
fy 4 certain rate of combustion, Further increase in the amount 
femult in amoke and lower efficiency due to deficient furnace 
Pall elves of coal ordinarily burn with less smoke than larger 
) lower capacitios, In the average hand-fired furnace, 
with lowor efficiency and makes more smoke than raw 
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“Most coals that do not clinker excessively can be burned with a 
f black smoke than those which clinker badly. For 
see paragraph 354. 


coal, 

smaller percentage 0 

” means of determining smoke density, 
TABLE 15 

NTITY AND HEAT VALUE OF SOLIDS IN VISIBLE SMOKE 


(Bituminous Coal) 
From the Report of the Chicago Association of Commerce Committee of Investigation on 


Smoke Abatement. (1912) 
; Solids in Visible Smoke 


SE ee 


Per Cent by Weight Per Cent of the Heat 
of Fuel Fired Value of the Fuel Fired 


Fires with High Smoke Density 


0.28 


QUA 


Smoke Density 


Test Number Per Cent 





3 21.97 0.83 

17 20 .00 0.75 0.36 

10 20 .00 1.10 0.95 

30 15.80 0.65 0.49 

29 14.50 0.82 0.49 
Average 18.45 0.63 0.51 


Fires with Low Smoke Density 


56 0 0.51 0.21 
57 0 0.30 0.08 
80 0 4.07 0.74 
81 - 0 1.81 0.48 
85 0 0.47 0.11 
Average 0 0.47* 0.32 


TABLE 16 
CHEMICAL COMPOSITION OF THE SOLID CONSTITUENTS OF SMOKE 








Combustible Mineral 
Kind of Fuel mes hy Solids Matter Sulphur Total 
=n (Carbon) (Ash) 











52.39 


41.45 
59.93 


Pocahontas 
32.80 


Bituminous 





eae 3.08 
4.19 


Boeahnta 
MOAB sre reree 
NOUR rere 


* Average of 10 plant tests not including Test No. 80. 
(Chicago Association of Commerce.) 
» Per Cent of Total Solids 


High-pressure Plants 
| | 100 
Low-pressure Plants 































COMBUSTION OF FUELS 103 
TABLE 17 


ANALYSIS OF CHIMNEY GASES 














Smoky 
Boiler wi 
CO. 0. 
2 2 | CO | CHs}] He Ne CO2z Oz | CO | CHi | He! N: 
$s |§-d —_—__—_— | —__ |} —$—$——— Sig 
No. 1) hawearede & { 11.00 | 6.90 | 0.90 |......].. 81.20 Se 
fred yy pare ie xe CaP PPC TE dew ee 
i PR, ad had od ire aoe 80.75, sss decd oes de aces eo te Re 
pe? RR {f Za0 sso) of 
o. 2, hand-fired....... 10.25 St Sg 6 Vy 
No. 3, hand-fired....... 18.25 ee % . : re RY cd: 
Npiprre or : .05 | 0.25 | 0 Pk 8 EI We tee (Ee CY fe 
pot, hand-fired....... Rats clint wee te een ee 
a ae 30 | 3.00} .70/ 3.23] 80.82 ]........]......]. 
3 a ine We pikes om Rr AB eg ids fawn deve 
TERNS Ved 75 4 
Sag merr h 7.00 | 3.25] .40] 1.00] 79.60 ]........]...... 
a aes RG bs AO oe od ge ie ele 
Dr, vith Gs Lowi. dbs al hela 7.25 112.00 
vention device....... | : ae 
Nagata? NS ary pe 7.15 
' oi aw & 12.15 
vention device.......]..... na 
Od BES 0 PRR ee A, ye | «an 8.15 |11.10] 0 0 0 | 80.75 


67. Radiation and Unaccounted For. — Th 

a i : : ese losses are us - 
nt Ne. ul is, the difference between the ae sey 
ll and the sum of the losses just mentioned is charged to 
ae ~ rogen and hydrocarbons, to radiation, and easosGatell 
ae a observations have been made in determining th 
_". _ ” : entering into the heat balance, the “ radiation and ak 
Bis of tho conden Setason yeltoainealipilaterancee asset 
. Ae on loss seldom exceeds 2 per cE nee pee ay 
an ee Se the rate of driving is very low, the radiata 
AT siderably more than this. An examination of the data f 4 
a uilly conducted tests of modern boiler furnaces will sh ehh idle 
. — and unaccounted for” items range from 2 to 6 in err de 
2 . pe. . yet 4 per cent. Soot deposited on the boiler fear sk 
or abe hare 2 i blown out of the stack under high 
oy wre available for proltiter — Bence 
i, Moat Balance, — Any chart giving the Als ibuti ic 
q pune, copes iu heat, balance. “The Saab. of "iiee 

wer ore readily is it possible to locate the source of loss. I 
ay furnace practice a determination of the heat balance is soldi 
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‘in operation and still fail to utilize the total heat value of the fuel. 
Por example, in the modern boiler (without an economizer or its equiva- 
Wit) the flue gas cannot be lowered below the temperature of the heating 
Witface with which it was last in contact. Since this temperature cor- 
ponds to that of the steam in the boiler, we have as the inherent losses: 
|, Heat absorbed by the theoretical weight of dry chimney gases in 
ing heated from boiler room to boiler steam temperature. 

#, Heat required to evaporate and superheat the moisture in the fuel 
Wi) boiler room to boiler steam temperature. 

i, Heat required to evaporate and superheat the H,O formed by the 


TABLE 18 

TYPICAL HEAT BALANCE — BITUMINOUS COAL— BASED ON COAL AS FIRED 
(No Economizers) 

Excel- Aver- 

Tent | Good 


Prac- 
tice 


Per Cent of Calorific Value 
a! Coal as Fired 


et eee een ee aS nsIeE Ga 























Hest grnerted by the “ype probs one ly in tha hoal : by oh ee 7 } egal of hydrogen in the fuel from boiler room to boiler steam 
Loss due to the evaporat! gn hee Soe - ae 
ee cont... “Hera anainpepartt pes 42] 4.3) 4.3) Sion: scutes ek seb ass aahdltcrse aera 
toe due to heat carried ana by the dry flue gas...... be oa Meanie) feo ties ie 5 ee 
due to carbon monoxide..........-+.s+00sssrrrtes : e | | 
1088 due to combustible a the on vy refuse.........- 3 ; : s : innle smi) Sebeegees emphasing baie dene ee Ble 
i isture in the air..........---+: xi ¥ . 

ce ries to esntencd hydrogen, hydrocarbons, radi- al. 404) c mple 17. : | 

ation and unaccounted for..........++++se seer reeeee : : : | Solution. Pras Wilden ets 
Calorifi lue of the coal Cpa aoe 100.0 |100.0 |100.0 |100 

alorific value of the coal........-..--+5+++5 











MISTRIBUTION OF INHERENT HEAT LOSSES PER POUND OF COAL AS FIRED 





B.t.u. Per Cent 
TABLE 19 


TYPICAL HIGH-EFFICIENCY HEAT BALANCE — (NO ECONOMIZERS) 





Iiheront loss in the dry chimney gas, 




















lts oe X (860 =O eee Laeger Al gen 600.0 5.06 
(From Actual Test Resu ‘ ) Iiherent loss due to moisture in coal, ' 
Per Cent of Heat Value of Fuel 08 (1090.6 — 70 + 0.46 X 340)... 6... cece eee 94.1 | 0.79 
Nat Iherent loss due to HzO formed by the combustion of hydro- 

Bulk | dered | ural fn 9 0.05 (1000.6 — 70 + 0.48 X 340)... esses ceneens 529.6 | 4.47 

oil | Coal | Coal | Gas Tiherent loss due to “ humidity ”’ of the air, 
PREM Waal. s--.sssvasnoreevessne seer a 1M 0.00115 X 13.3 X 8.92* x 0.46 (340 — 70).......,..... 13.5} 0.11 
Load, per cent rating. ..-.-.-+-+-.-sereeereere es Heat absorbed by ideal boiler (by difference)................ 10,612.8 | 89.57 

i 





























11,850.0 | 100.00 
: .7 | 82.5 , 
Heat absorbed by boiler.........---...005222 005 ee 01 
Free moisture loss.......--.0:seee eres reese eeees 401 95 * For pérfect combustion! 
Hydrogen-moisture LORD eee tg wt i eh ae 011 01 ; ’ : 
Air-moisture loss... .-.+-6-..600sserees resets ; i 9.5} 6.5 tomparison of the actual and inherent losses in percentages of coal 
Dry flue-gas loss........-..-++- ensaterione its Sor: 00! 0.0 Bad 1a as follows: 
Loss due to CO.......-..-..-0ferrrerrsssereess 041 0.0 
Lf gga RRR PCE ae hea a : C _ 3.0 |_ 1.3 | Actual Inherent 
Unaccounted for..........--.+-++ 0 |700.0 lit 
Total UDP OR ge a 'b to 2 ot cerns oat bp078. 0 OTs Ape we S Rim em SMS + JSR Lee T  L ok ae 
thy shiney gegen Ta ne sae. 9.40 5.06 
MDLON® COMMIUNUIONY 6 oG 5 cus vest ceeEeeen ce esc cceee 2.36 0.00 
‘dinar Hbiimtiblo in the refuge...........sscesecesessscccccveeeee 4.00 0.00 
59. Inherent Losses. —— The heat balance as ordinarily apg LUD ST ee eee ee 0.20 0.11 
he distribution of the actual losses. Some of these losses may be | MONO If HHOGOR) 5 gatieanys.cis i> vA: «ss cose. 0.83 0.79 
belle irely eliminated, while others are slure due to combustion of hydrogen.................05. 4.70 4.47 
siderably reduced or even entirely elim ’ lation and unaccounted for, ..........66cccccccc ec eeesee 2.51 0.00 
and cannot be prevented. A heat balance giving the extent ¢ ( abnorbod by the boiler................................ 76.00 | 89.57 
inhoront losses will show at a glance where improvement may be 100.00 | 100.00 


and where further gain is impossible, A boiler and furnace may f 
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The difference between the actual and inherent loss is designated | 
preventable. Although the losses due to “incomplete combustion, 
“ eombustible in the refuse,” and “ radiation and unaccounted for” ai 
theoretically preventable, it is almost impossible to entirely eliminal 
them in practice. The minimum practical loss depends upon the natu 
of the equipment, grade of fuel, and rate of driving, and must be de 
mined for each installation by actual test. This is also true for the“ pi 


TABLE 20 
TYPICAL HEAT-BALANCE DATA — COLFAX STATION 
(Includes Standby Losses) 


October | November | December January 


ventable ” loss in the dry chimney gases and that due to the moisture) Das fired. B 

; ; V , , B.t.u. D360 e TM 

the air, moisture in the coal, and moisture resulting from the combustie i a4 fired, per he i Hapa fat Speaie re veo 18,288 | WB1ae 

of hydrogen. Muisiure, as fired, per cent. ...... Paints ee 4.12 9.14 9°05 
Since the ideal or perfect boiler, under the specified conditions, is ab ens bye. deg. Fre! Site Lees 70 70 70. 70. 

to absorb only 89.57 per cent of the calorific value of the coal, it is evide hn aa fied, ponent fy. ei aCe | ~ * 467 478 471 

that the actual boiler has a true efficiency of 76 + 0.8957 = 84.8 p Wilfogon as fired, per cent...............| 4.92 “ en ae 

cent. ' cont... neiem:. 1. SMe 9.5 10. : ; 

mtible in refuse, per cent............ 26 .36 2» 10 26.90 8 7 


If an economizer is used, the inherent losses become less, since the f 
gas may be reduced to a temperature considerably lower than that of 

steam; but they can. never be entirely eliminated unless the flue gas 
discharged at a temperature somewhat lower than that of the air entert 
the furnace. 


B.t.u. B.t.u. B.t.u. 
Per Cent | Per Cent | Per Cent Pr Cont 


Absorbed by boilers................. 78 .00 77 .20 76.8 77 .60 

60. Standby Losses. — The heat balance, as ordinarily calculated, ref shh chic, Mania Beate pie me area ‘aa 0.96 0.42 
only to the heat distribution for continuous operation over a lim Yi PATO Me SEAT OY ee 1201 1148 1140 
period of time. It does not represent average operating conditio Heount of er. 6 CERT a —o 3 DB 3.64 
since the various standby losses are not considered. These inclu Whaccounted for...............0.0..- "0:76 "DOF 3 53 fe 
BR Siitat eye 2, ae To0.00 | 100.00 | 100.00 | 100.00 





(1) heat lost in shutting down boilers; (2) coal required to start up e€ 
boilers; (3) coal burned in banking fires; and (4) heat discharged to wal 
in “ blowing off ”’ and in cleaning boilers. The magnitude of the stan¢ , : ; 
losses depends upon the size and character of the boiler equipment and: _— rn pti Penh ead ie the quality of the 
conditions of operation, and may range from 5 to 15 per cent or mo frequent blowing off, the amount discharged weeds BE i le 
total heat generated (yearly basis). Thus, a continuous 24-hour fi 1/2 to 2 gages of AS ice esabiiiie % Fie ow ” varying 
load test may show that 80 per cent of the heat of the coal is absorbee powor plant of the Armour Insti weer of a binds p. Stirling boiler 
the boiler, but when the heat represented by a month’s evaporatio) # off once in 24 hours when in conti echnology (Table 21) is 
divided by the heat of the fuel fed to the furnace during the same pel 8 in. ‘ns indicated. by the wat muous sin the amount 
the efficiency may drop to 70 per cent or lower. The standby losses 74,800 Ib. The heat lost is 74,800 Gia al one month this 
dependent upon so many variable factors that even average figures Beately, or sufficient. to rie omen , = 9,950,000 B.t.u., 
be misleading unless limited to a narrow field of operation. Table failure of 205 deg. fahr. to steam at 100 lb of water from a feed 
gives the heat balance, including standby losses, of the Colfax 5 i) be deducted from the water fed to the boile pale Rs amount 
for the year 1920. The data in Table 21, compiled from carefully Atlon (the quality of the wre fa ei f in calcu ating the net 
ducted tests at the central heating and power plant of the Armour lon), Compared with the mated Ri se +g ene into con- 
stitute of Technology, serve to illustrate the extent and influence of lay installation is negligible, thou a it poration, the loss in this 
standby losses on the overall efficiency in a specific case. + ’ gh it represents an appreciable 
Table 22 gives the weight of coal burned in shutting down boiler 
starting up cold boilers, and in banking fires, for a number of Ch 


planta. 





sean required in blowing soot from the tubes of a ret: 

, urn-tubula 
jon from 250 to 400 Ib, of steam per cleaning with “ hand ‘bide 
| from 200 to 850 Ib, with mechanically operated “ soot blowers.” 
(ube boilers the range is considerably greater, depending upon 








110 STEAM POWER PLANT ENGINEERING 
TABLE 21 
INFLUENCE OF STANDBY LOSSES ON OVERALL BOILER AND FURNACE EFFICIENCY 
Period Covered by Test January* October 
ERAS 
Number of hours in month........-- mae = 
Hours in service........--+- rome ts ” 4 
Hours banked, or out of service..... 
Per cent of rating developed, average oe ae 
for month.......-.---:e+ essere z ; 
tal water: 
Totea to boiler, Ibv... 6. ..-.- eee eee 11,375,390 sae 74 
“ Blowing off,” Ib......---.--++++> 74, 9, 
Net evaporation........(.....6++- 11,366,340 5,230,210 
Total coal: . 
‘Fed to preset: al tage ga wagn be 
Burned in banking, etc., lb.....-.. , ; 

Tiaett tor epbeasion, Bos bakes 1,356,690 714,510 
Apparent evaporation per lb. of coal ad bis 
fed to furnace, lb.......-.-.++++:- ; ; 
Actual evaporation per lb. of coal a id 
used for evaporation, lb...........- : r 
Gross overall efficiency of boiler and re ais 
furnace, per cent....... hs ae : A 
Overall efficiency, deducting standby < pay 
losses, per cent. .......-.-.5eseeee . 4 





* January and October tests: 350-hp. Stirling boiler equipped with chain grate, 


pressure 100 lb. gage, Tllinois No. 3 washed nut. 
+ July test: 250-hp. ditto. 


TABLE 22 


COAL BURNED DURING BANKING PERIODS * 








ed pete Hours 
Cemacity |  Kindof Stoker | 2 Grate Kind of Coal —| Banked 
of Boiler Surface 
ae gamed 5. wt ig deh ts 
i 8 
250 | Stationary grate 35 Buckwheat 
500 Chain grate 65 Bit. serg. § 
350 Chain grate 40 Bit. No. 3 : 
250 Chain grate 48 Bit. serg. M4 
1200 Underfeed 82 Bit. scrg. f 
550 Underfeed 66 Bit. serg, i 
150 | Stationary grate 40 Bit. mine run 
75 | Stationary grate 48 Poe, lump 4 
400 Murphy 52 Bit. serg. 


(A) Goal fired during banking period, 
(B) Goal fod to furnace during bankl 





yy foal to fwenaoe to put cold boiler into services, Ih. 
* Those values are for apecifio canes only, 
ory ioe for eatiinating purpower, 








feedwater 205 deg. 
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the size of the units, number of blowing elements, and the time interval 
between cleanings. Knowing the number of nozzles, the initial steam 
pressure, and the time the nozzles are in operation, one may closely ap- 
proximate the total steam consumption per cleaning from Napier’s rule 
(Mec equation (280)). A rough approximation is 500 to 750 lb. per clean- 
li for hand blowing, and 400 to 600 lb. for mechanical blowers incor- 
porated within the setting per 2500 sq. ft. of tube surface. 
Yeats of Hand and Mechanical Soot Blowers: Report of Prime Movers Committee, 
13. WW.L.A., T 3-22, 1922, p. 47; Power, Aug. 26, 1924, p. 326. 
791,610 Keeping Down the Furnace Losses: Power, Mar. 7, 1922. 
16,150 


Julyt 


744 
153 
591 


Vor a description of the various types of measuring instruments used 
WW calculating heat losses and in establishing heat balances, consult 
Dhapter XVII. 


789,990 


158,960 
37,610 | 
121,350 
4 #i, Combustion Control. — For uniformly complete combustion, the 
| wnd air supply must be correctly proportioned to each other and both 
{ he in proportion to changes in load. While it is possible to obtain 
fegulation by hand control for a short period of operation, it has been 
i Impractical to effect the desired result in this manner for extended 
file, Expert attention can be maintained on a boiler for short runs, 
for everyday commercial operation few plants can afford the expense. 
wnical apparatus for automatically controlling the fuel and air 
ly in proportion to the load demand has been on the market for 
| years, and while air and fuel adjustments can be more promptly 
feeurately made by such apparatus than by hand, it cannot take the 
of an expert fireman. Without automatic control the fireman is 


57. 





Coal Fed to | fol to make adjustments for each small change in load; with the 
Smee Hiro! in operation these small changes are automatically taken care of 
i ean devote his attention to irregularities caused by varying quality 

A B |, clinker formation and the like. Combustion controls are not 
" wilco in the same sense that the governor controls the speed of a 

0.20 | 0.35 | } on the contrary, the quantities of air and fuel and the ratios of 
a 0. t {he other must be coordinated to meet the special characteristics of 
0.35 | 0.71 | Muipment and operating conditions and must be adjusted from time 
Hes 0.3 {0 moet such irregularities as may arise. That properly designed 
0.58 | 0.60 Hion-control apparatus in charge of competent firemen is produc- 
pa 0. iuh efficiency and well worth the extra cost, is evidenced by the 


ng period ineluding that required to put boiler into serviee 


‘Tho range in praction a no wide that average values 










tw Humber of plants which are adopting this system. This is true 
for large central stations but for hundreds of small isolated 
wipped with mechanical stokers or designed for burning fuel 
ww powdered fuel, 

riledvaflt handefired installations, automatic control is neces- 
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sarily limited to regulation of the damper or air supply. With nat 
draft stoker-fired installation, both the speed of the stoker-drive a 
the position of the damper are automatically controlled. In bulk-coa 
burning plants equipped with stokers and mechanical-draft fans, 
various drives, blast-gates and dampers are individually controlled an 
at the same time maintained in synchronism by a master control, so tha 
no matter what the rate of supply may be, they are functioning ind 
pendently to maintain a fixed ratio between the supply of fuel and ¢ 
In gas, oil and powdered-fuel installations, there are obviously no stokert 
and the particular mechanism feeding the fuel to the furnace is co 
trolled in a suitable manner. 

For a description of a number of popular combustion-control system 
see paragraphs 127 and 161. 


Combustion Control: Power, Mar. 6, 1923, p. 354; Apr. 29, 1924, p. 676. 
Fuel Saving Effected by Combustion Control: Power Plant Engrg., May 1, 1923, p. 4 
Combustion Control for Boilers: Mech. Engrg., Oct. 1924, p. 590. 


PROBLEMS 


1. Calculate the dry air requirements for perfect combustion of the coal ‘as 
ceived,” using the analyses in Example 1, Chapter II. 

2. Required the character and amount by weight of the products of comb 
resulting from the perfect combustion with dry air of 1 lb. of the coal designate 
Problem 1, Chapter II. 

3. Calculate the per cent by volume of CO; in the dry flue gas per Ib. of coal 
fired, data as in Problem 2. F 

4. A pound of pure carbon is burned with air to CO, and CO. If 4 per cent of 
carbon is burned to CO and the air supplied was 50 per cent in excess of that requ 
for perfect combustion, required the per cent by volume of co in the dry flue gas. | 

5. By-product coke-oven gas having the following analysis is burned completely w 
theoretical air requirements: Per cent by volume — COs, 0.75, CO, 6.00, CHy, 28 
H, 53.00, N, 12.10. Calculate the cu. ft. of air required per cu. ft. of gas for pel 
combustion and the resulting per cent of CO2 by volume in the flue gas. Assum@ 

‘ and gas to have the same pressure and temperature. 4 

6. Calculate the weight of air supplied per lb. of coal as fired (analysis as in Prok 
1) and the weight of the dry gaseous products of combustion, if the flue gas has 
following composition, per cent by volume: COs, 13.00, Ox, 5.80, CO, 0.44, Na, 81 

7. Neglecting the influence of S and Nz in the fuel, show that the per cent of € 
by volume in the flue gas for perfect combustion may be expressed in terms of the 
cont by weight of the free hydrogen, H’, per Ib. of carbon, 

8. Calculate the theoretical temperature of combustion if the coal as fired, 
as in Problem 1, Chapter I, is completely burned with 50 per cent air excess, 
température of air and fuel 60 deg. fahr. 

Tf coke breoxe containing 85 per cent carbon and 15 per cent agh is comp 
under a boiler with 50 per cent air excess, and the flue-gas temperature 
$ dog, fabr., required the hoat loss in the flue gas per Ib, of fuel as fired if the 
ture of the alr supply in 80 dog. fabr. 




































font of oxygen is burned under a boiler, required the amount of heat lost per lb. of oil due 
0 dog. fahr.; temperature of the oil, 120 deg. fahr. 


ty the boiler, 70 per cent of the calorific value of the coal as fired. Analysis of the 
Pal vs fired: 


por lb. 
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10. If the flue gas resulting from the combustion of the fuel designated in Problem 
12 contains 0.5 per cent CO and 12 per cent CO2 (by volume), required the loss due to 
incomplete combustion of the carbon, B.t.u. per lb. of coal as fired. 

11. Calculate the heat loss in the refuse if the coal as fired has an ash content of 
15 per cent and the combustible in the dry refuse is 20 per cent of the dry refuse. 
fillc value of the combustible in the ash, 13,600 B.t.u. per lb. 

12. Required the heat lost per lb. of coal as fired in evaporating the moisture from 
the coal designated in Problem 1, Chapter II, if the temperature of the flue gas is 500 
ilo. fahr., and that of the boiler room, 80 deg. fahr. 

13. Lf crude oil containing 83 per cent of carbon, 14 per cent of hydrogen and 3 per 


Calo- | 


to the formation of water by the combustion of the hydrogen. Flue-gas temperature, 


14, The following data were obtained from a boiler evaporation test: Heat absorbed 


Per Cent Per Cent 
BMTDON « 555.05 Se bie dilate & 65 Ash and sulphur............ 12 
ERY GOD . 5s 0 sue RR wel SEER « 8 Free moisture.............. 10 
MPOLOUGON f 005 since ses ce tae 4 NIGFORGH au scetes Cee eee 1 


Onlorific value as fired, 11,300 B.t.u. per lb: combustible in refuse, 13,500 B.t.u. 


Wiie-gas analysis: 


Per Cent 
1.42 
Sabot Uithee gel 80.85 (by difference) 


Temperature of air entering furnace, 80 deg. fahr.; temperature of the flue gas, 

bal ‘log, {uhr.; temperature of the steam in the boiler, 350 deg. fahr.; relative humidity 
the wir entering the furnace, 70 per cent; combustible in the dry refuse, 20 per cent. 

# Calculate the actual losses in per cent of the coal as fired. 

4, Calculate the inherent losses in per cent of the coal as fired. 


* Approximate the extent to which the actual losses may be reduced by careful 
(ion and proper design. 


eee ee i) 
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9 ‘ ei , 
: ‘ ; os nee are required on the part of the operator to secure 
No attempt will be made to analyze the boiler from the standpoint of 
Manufacture, and reference is made to the A.S.M.E. Boiler Code and ‘ 
Hurrent trade catalogues for this phase of the subject. For an ecbellday 
Bfeatise on circulation in various types of boilers, consult “The Kidwell 
PWo-flow Ring-circuit Water Tube Boiler ” by Edgar Kidwell 
Published by the Kidwell Boiler Co., Milwaukee, Wis . Abin 
A general classification of steam boilers is conks tint nubioe'e because of 
the overlapping of the various groups. They may be classified aecordin 
4 gee : ms as externally and internally fired; (2) pst: 
on of the hea’ 
t fs renaaiee “nie hye hha 8 as water-tube and fire-tube; 
Weal, horizontal, and inclined; (4) “Stack eer 
fyature of the tubes, as straight ie 
) and curved tube; (5) nature 
service, as stationary, marine, and 
otive; (6) direction of the °7 
, ws through-tube, and return- z Golan 


CHAPTER IV 
STEAM BOILERS 


62. General. — The boiler of to-day is substantially the same as thé 
of five years ago, and in the case of the horizontal return tubular boiler, 
it may be said to be thoroughly standardized. Such changes as have 
been made are in the direction of structural alterations to keep pact 
with the requirements of increased pressure and superheat. 

The most notable design changes are in the settings and in the sia 
of units. The principles of efficient and smokeless combustion have be 
so well proven and are admittedly so fundamental, that engineers m0 
build the boiler plant around the furnace. Adequate combustion spac 
has demanded very high-set boilers, especially with powdered coal as 
fuel, and this, by allowing complete combustion, has permitted extremel} 
high efficiencies. 

All well-designed boilers, when properly set and similarly fired, 
capable of practically the same evaporation per lb. of fuel. The 
of stokers with boilers over 350 hp. may be said to be universal. Boilt 
setting is so tied in with stoker setting that the one cannot be consider 
without the other. Since stokers are different in their furnace requit 
ments, and the burning of the fuel is a function of the stoker, the enginet 
for this equipment are generally considered as having the right and m 
sponsibility of designing the furnace. 

The cost, weight, and space required cannot be accurately judged 
the exact design is determined. There is as yet no appearance of s 
ardization in the settings of different boilers, but there is a marke 
tendency toward a standardization of construction details of the boil 
themselves. Many states already have adopted the American Soci 
of Mechanical Engineers’ “ Standard Specifications for the Construct 

of Steam Boilers and Other Pressure Vessels.” Every power plant ownt 
and operator should be conversant with the boiler code, insurance and 
spection laws, in the communities where they are in foree, and no be 
may be constructed or operated without complying with the requirem 


of the law, 
Regardless of improvements in furnace design, skill, good judgm 


nb aed be obtained from the office of the Secretary of the A. 
7 W, Hoth Mt,, Now York City, si 


it 
ee ee —— eS Ee 












jooo. 


re; (9) location of the drum, 

longitudinal-drum and _cross- 

} wnd so on. A few popular 

will be described in detail. 

Vertical Tubular Boilers. — Fig- 

| and 19 illustrate typical port- Hana. 

five-tube boilers of the internally- i 

type, ‘They are used only where 
power, compactness, low first 
wl semi-portability are the 
fejulrements. Boilers of this 
_ & cylindrical shell with 
we in the lower end and with : 

fiining from the crown sheet ibe veers Teen rt 

_— to the upper tube yt: ret 

the top of the boiler, ‘They are built in various si i 

0 48 in, in diameter, and from 60 to 120 in, in length: hetth ight 

booting surface of 50 to 500 sq. ft. (5 to 50 hp.). The fubad 

‘ ~ cloner and the working pressure seldom exceeds 


°, 
jeo000 000000 


Ring Seam 


Crown 
Sheet 





° ° ° Stay- 
Bolts 


oo 


Blow 
Of | 


Ash Pit 











































116 STEAM POWER PLANT ENGINEERING STEAM BOILERS 117 


Manning boilers, which, as far as safety and efficiency are concerned 
rank with any of the other first-class types. They differ from the baller 
tlescribed above mainly in having the lower or furnace portion of much 
greater diameter than the upper part which encircles the tubes. This 
permits a proper proportion of grate, which is not obtainable in boil 
like those shown in Figs. 1 and 19. The double-flanged head connectin 

the upper and lower shells allows sufficient flexibility between the top sit 
Bottom tube sheets to provide for unequal expansion of tubes and shell 
lhe ashpit is built of brick and the water leg does not extend below the 
Hate level, thus doing away with dead-water space. Where overhead 
fom permits and ground space is expensive, this boiler offers the ad- 
Hantage ~ taking up a small floor space as compared with horizontal 
ae es ad fic on type of boilers is designed for steam pressures up 
ee econedie ae Boiler. — This style of boiler is used occasionally 

wtionary power service i- lity i i i 

gle é brass a a ei semi-portability is desired, as in con- 
Wil plants. It is also used to a 
Hite extent for low-pressure 


The tubes are placed symmetrically with a continuous clear space bt 
tween them and these spaces cross the tube section at right angles. ‘ 
arrangement permits the tubes and tube sheet to be readily cleaned. 
styles are in common use — the exposed-tube, Fig. 1, and the submerge 
tube, Fig. 19. In the former, the tube sheet and the upper portion of 
tubes are exposed to the steam and in the latter they are completely s 
merged. According to the A.S.M.E. Boiler Code, not less than seven har 
holes or wash-out plugs are required for boilers of the exposed-tube typ 
three in the shell at or about the line of the crown sheet, one in the shell at: 
about the fusible plug, and three in the shell at the lower part of the wat 
leg. In the submerged type, two or more additional hand holes are 
quired in the shell in line with the upper tube sheet. The distance bi 
tween the crown sheet and the top of the gr 
should never be less than 24 in. even in 
smallest boiler, and should be as great as Pp 
sible, to insure good combustion. 

In some designs the furnaces are construe 
of corrugated steel, thus doing away with t 
stay bolts. 


The advantages of this type of boiler are” N ting work. It is in basic prin- 
follows: (1) it is compact and portable; (2) Hie « vertical, internally fired 
requires no setting beyond a light foundati¢ ler placed horizontally. Two 
(3) it is a rapid steamer; and (4) it is loy fal designs are in common 
first cost. It has the following disadvanta ™ (1) the water-bottom, in 
(1) it is not easily accessible for thorough the fire box is entirely Sadale Support 





Winded by water (Fig. 21); 
(4) the open-bottom (Fig. 22) 
hiivh the fire box is submerged 
Ml vides but not on the bottom. Water-bottom boilers are self- 
Hie and require no settings whatever, but the open-bottom boilers 
particularly tieipo 
fitted with enlarged 
fire boxes, frequent- 
ly require a ma- 
 sonry ashpit. These 

boilers are available 

in standard sizes 
nena ranging from 150 to 
hii, 22. Locomotive Type — Dry Bottom, 2500 sq. ft. of heating 

surface, but 1 

heen built for special purposes. Working pressures we 
Ih, to 160 Ib, gage. For anthracite coal, the tubes range from 


_ es 


spection and cleaning; (2) the steam spac 
small, resulting in excessive priming at hea 
loads; (3) the economy is poor, except at 
loads, as the products of combustion escap 
a high temperature on account of the short 
of the tubes; (4) smokeless combustion 
practically impossible with bituminous ¢é 
(5) the small water capacity results in rap) 
fluctuating steam pressures with varying 
mands for steam. i 
Although vertical fire-tube boilers of the p 
; ; able or semi-portable type are seldom 
Fia, 20, Manning Boiler. st ucted in sizes containing more than 500 
ft. of heating surface, other types of vertical fire-tube boilers, of which 
Manning (Iig, 20) is a well-known example, are not limited to small | 
and have boon constructed with heating surface of 6000 aq, ft. per u 
Many of the disadvantages found in tho amaller types are obviated in 


Fig. 21. Locomotive Type — Water 
Bottom. 
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2 to 3 in. in diameter, and for bituminous coals from 3 to 4 in. Sizes 
with less than 300 sq. ft. of heating surface per hp. are ordinarily furnished 
with a dome located over the fire box, while the larger sizes are con- 
slructed with either dome or dry pipe. This style of boiler is not much 
in evidence in high-pressure stationary plants. 

65. Stationary Scotch Marine-type Boilers. — These boilers belong to 
the internally-fired return-tubular type; they are self-contained, re- 
(juire no brick setting, occupy little overhead room, and are excellent 
fleamers. The shell is cylindrical, fitted near the bottom with one or 
fiore cylindrical furnaces traversing the entire length 
ff the shell, and partly filled above the furnaces with 
full-length return tubes. The gaseous products of com- 
Wution are guided from the furnaces to the return 
Hibes by a back-connection or combustion chamber. 
ho furnace and tubes are entirely surrounded by water, 
j that all fire surfaces, excepting the rear of the com- 
tion chamber, are water cooled. Figure 23 shows a section through 
popular design, in which the furnace is corrugated. These corruga- 
is, in addition to giving greater strength to the furnace, act as a 
of expansion joints, taking up the strains due to unequal expan- 

sion of furnace and shell. In other designs, the 

f\ furnace is strengthened by the Adamson Ring, or 
, : Bolling Hoop. In the former, the furnace sections 
i 5 are flanged outward and riveted together through a 
_%. Bolling Ting inserted between them (Fig. 24), while in the 
Hoop. latter, the sections are riveted to special expansion 

joints (Fig. 25). The single furnace boiler is con- 

(| in sizes ranging from a small unit 35 in. in diameter by 52 in. 
mth (60 sq. ft. of heating surface) and rated at 6 hp. to units 
in diameter by 17 ft. in length (1500 sq. ft. of heating surface) 
feted at 150 hp. Stationary boilers with two furnaces have been 
joted with shells 120 in. in diameter, and 20 ft. in length, and 
#! 400 hp, For marine service, this type of boiler has been 
wil) a many as four furnaces and with shell diameters up to 20 ft. 
fall longth of 11 ft., the size being limited only by transportation 
lor stationary purposes this type of boiler is designed for work- 
i) prem#ures ranging from 100 to 200 lb. per sq. in., and for sizes 
ip, While a number of these boilers are to be found in station- 
| planta where low head room is essential, such as in office build- 
apartment buildings, and hotels, they play a relatively un- 
in steam generation for power purposes, The normal 
the standard Scotch marine-type boiler is defective, because 





Fra. 24. “Adamson 
Ring. 
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the water lies “dead” in the bottom of the shell, and the unequal ex- 
pansion and contraction of furnace walls and tubes tends to cause con- 
siderable tube leakage. 

Figure 26 shows a section through a modified type (suitable for low 
volatile coals) which facilitates circulation of the water below the furnace 
The tubes are in two nests, the usual return tubes and a number of sho 
ones leading from the rear head of the furnace to the combustion chambe! 
The object of the short tubes is to divert the flame downward and to heat 
the rear and lower portions of the boiler. This increases the rate 0 
circulation. 

The advantages of Scotch boilers and of most internally fired boiler 
are: (1) low head room; (2) minimum radiation losses; (3) no settin 
required; (4) no leakage of cold air into the furnace, as frequently occur 


bridgewall into one large flue which is traversed radially throughout its 
longth by conical water tubes. These boilers are set in brickwork, so 
arranged that the gases, after leaving the furnace, pass forward clei 
- outer shell and then backward along the sides of the shell to the up- 
AK, 

(6. Horizontal Return-tubular Boiler. — These boilers are the most 
widely distributed steam generators in the United States and: may be 
feyurded as the standard American type. They owe their popularity 
to low first cost, high evaporative capacity, compactness, and low over- 
wad space requirements. . Standard sizes range from a small unit 36 in. 
ii diumeter by 8 ft. in length (150 sq. ft. of heating surface) and rated at 
1) hip. to a unit 84 in. in diameter by 20 ft. in length (3500 sq. ft. of heat- 
fim surface) and rated at 350 hp. There is no particular limit to the 
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through cracks or porous brickwork of other types, and (5) large ste 
Return-tubular Boiler. 


capacity for the space occupied. With high-volatile coals, the furn 
volume is insufficient for efficient and smokeless combustion at h 
ratings, and this fact, together with the limitation in sizes, due to tram 
portation facilities, precludes the use of this type of unit in large cen ir 
stations. Extension furnaces, hand- or stoker-fired, may offset 
limitations of the small internal furnace, but this addition neutralia 
the chief advantage of the internally fired type, namely, compactn 
and absence of masonry setting. 

The Cornish, Lancashire, and Galloway boilers are common in E 
but are seldom found in American practice. The Cornish boiler is 
sentially a single-flue Scotch unit without return tubes and is the old 
design among modern internally fired boilers. The Lancashire is 
improvement on the Cornish boiler in that there are two flues insteac 
one, In the Galloway boilers the two furnace flues merge beyond | 


of those types except shipping facilities, and a few units have been 
H! W6 loro as 108 in. in diameter and 21 ft. long and rated at 500 hp.; 
i 4 general rule some other type is selected where the desired feting 
ln ¥40 hp. They are usually designed to operate at pressures vary- 
fron 10 to 150 lb. per sq. in., but there are a number of special de- 
Hperating at 175 lb. Figure 27 shows a longitudinal section through 
lof a popular make of return-tubular boiler, and Fig. 28 gives a 
‘tive view of another design with extended shell. The drawings 
fexplanatory. The tubes are usually 3, 3 1/2 or 4 in. in diameter 
Alley tubes for low-volatile fuels, and the larger tubes for highs 
fuels, Asa general rule. 4-in, tubes are not furnished with shells 
iv, In diameter, Boilers over 54 in. in diameter are usually 
a dry pipe (lig. 27), for separating moisture from the steam, 
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while the very small sizes have a fixed dome (Fig. 29), flanged at th 


base and riveted to the shell, or in special cases, an independent dome at- 


Steam Manhole Safety Valve 






Fic. 28. Horizontal Return-tubular Boiler — Extended Shell. 


i i nozzled connection. The require 
tached to the shell with a nipple or a ae fen alate thiskoaihala 
joints, staying, supports, hand. 
holes, manholes, and other con 
struction details are fully speck 
fied in the A.S8.M.E., state, am 


0 ae 
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insurance codes. 
Return-tubular 





boilers 

Fia. 29a. Tube Ar- 
rangement— “ Uni- 
flow’’ Boiler. 


Fia. 29. Steam 
Dome. 


flush front, Fig. 116. The sh 
may be supported by lugs resting on the brickwork, or by steel bea 
and hangers, Fig. 30. Ac- 
cording to the A.S.M.E. 
Boiler Code, all horizontal 
tubular boilers over 78 in. 
in diameter are required to 
be supported by the outside- 
suspension or gallows-frame 
type of setting. With the 
side bracket support, . the 
front lugs usually rest direct- 
ly on iron or steel plates 
embedded in the brickwork, 
and the back lugs on ee 
it free expansion an 
Siiheeatien. The brackets are long enough to rest upon the outs 
wall, so that the inside brick lining can bo removed without dist 


the setting. 


Fic. 30. Horizontal Return-tubular Boiler 
Gallows-frame Suspension. 













































made either with an extend t 
or half arch front, Fig. 30, 
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' It is asserted that the rate of circulation, and hence the overload capacity, 
of the return-tubular boiler may be greatly increased by using smaller 
ilinmeter tubes and grouping them in three sections, as shown in Fig. 29a, 
inatead of the uniform vertical spacing of the standard type. In another 
(losign the tubes are arranged as in Fig. 28, but the groups are separated 
from each other by a vertical steel baffle running the entire length of the 
ahell. 

lteturn-tubular boilers are of the externally fired type, and therefore 
Hitt be provided with a furnace and setting. For a description of the 
latior, see paragraphs 102 to 105. 

A return-tubular fire-box boiler of the portable type, as illustrated in 
Vig. 31, is finding favor with 
iihy engineers where a com- 
jel moderate capacity and 
welf-contained unit is desired. 
As will be seen from the cut, 
the front of the boiler is 
Pylindrical in form and ex- 
tends over the furnace, while 
the roar end is oval, the lower 
Pivlion extending below the 
Pyliidrical part far enough 





) old the short tubes lead- 
/ from the furnace to the 
k eonnection. The prod- 
te of combustion, passing 
PMHiieh the short tubes and 
pile pal Connection, 8° yc, 31. Returm Tubular Portable Fire-box 
r ’ : Boiler. (Side Plates Removed to Show Fur- 
High the upper section of pace Construction.) 
holler to the stack. The 
1! and aides of the furnace are lined with fire brick. These boilers 
‘viilable in standard sizes ranging from 20 to 150 hp. and are in- 
lol for pressures not exceeding 100 Ib. per sq. in. 


), Worlzontal Water-tube Boilers, Longitudinal Drum. — Figure 32 
general assembly of a standard longitudinal-drum Babcock and 
* boiler, illustrating one of the best known and most widely dis- 
. fol water-tube boilers in the United States. This particular type 
le in single units ranging from 750 sq. ft. of heating surface (75 hp. 
Mapacity), to 8000 sq. ft. of heating surface (800 hp. rated capacity). 
(iulshing features of this boiler are: (1) horizontal drum or drums; 
ined or vertical sectional headers, and (3) inclined straight tubes, 
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The tubes, usually 4 in. in diameter and 18 to 20 ft. in length, are arranged 

in vertical and horizontal rows and are expanded into cast-iron or pressed- 
steel headers. ‘Two vertical rows are fitted to each header and are “ stag- 
gered,” as shown im 










A | Fig. 33. The headers 
; are connected with the 
Ef Supports steam drum by short 
a tubes expanded into a 


cross box, Fig. 34, 
which in tum is 
riveted to the drum. 
The headers are either 
vertical, Fig. 32, or in= 
clined, Fig. 35. Each. 
tube is accessible 
through __ individual 
ites, handhole — openings+ 

These openings 
elliptical in shape i 


3 ‘i P _ the vertical headers 
Fic. 32. Babcock and Wilcox Boiler Assembly — Longi- the vertic e 


tudinal Drum Type. (Vertical Header.) because of the inclina 
tion of the tube 


This shape is necessary to provide for the insertion and removal of th 
tubes. Circular handholes are ordinarily used in the inclined heade: 
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Wlependent of the brick 
wilting. The feedwater 
Miler the front of the 
Seam drum, as shown in 
85, Circulation is 
Neelod by the difference 
tlenaity between the solid 
‘iin of water in the rear 
lev and the mixed steam 
| water in the front one. 














Q longitudinal-drum type 
O ti, & W. boilers under 
( hip, have but one steam 

6 Wi, wnd the larger sizes 

Lg two . es A em 

: jon the width of the 

oy i iu, While a few spe- 

Frc. 33. Details of Fic. 34. Cross Box—B. & Fra. B tliwluns of this type of 
Header —B. & W. Boiler. i + lave been made for 
W. Boiler. (In- Boiler. } promures as high as 
clined Header.) th, per aq. in,, in the 


where the tubes enter the latter at right angles, The elliptical openir 
are closed by inside fitting forged covers held in position by steel clam 
and bolts, Vig. 86. The circular openings are closed on the outa 


875 Ib, per aq, in, 





Via. 36. Elliptical Handhole. 
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by forged steel caps, milled and ground and held in place by clamps 
and bolts, Fig. 37. Thin gaskets are required with the inside elliptical 
covers, but not with the outside circular plates. (The main tubes are 
inclined at an angle of about 22 deg. with the horizontal. The rear 





Fie. 37. Circular Handhole. 


lwaders are connected at the bottom to a rectangular forged steel 
mu drum, by means of nipples expanded into counterbored seats.) 
Yhe boiler is supported by steel girders resting on suitable columns 





Kia. 88. Heine Boiler — Longitudinal-drum Type. 


majority of power plant installations, the working pressure seldom 


Wateretube boilers are constructed on the sectional principle; that 
tiay be shipped in sections and erected at the power plant. This 
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removes any restriction on the size of single units that might otherwise 
be imposed by transportation limitations. 

Figure 38 gives a general assembly of a Heine longitudinal-drum bo 
illustrating another well-known type of horizontal water-tube boiler. 
This boiler differs from the Babcock and Wilcox in that the drum is in- 
clined and parallel to the tubes, and the 
latter are expanded into a single fabricated 
water leg or header, Fig. 39. The feed- 
water enters at the front of the steam 


which it passes to the rear header. Steam 
is taken from the front of the steam drum_ 
and is partially freed from moisture by 
the dry pipe. A baffle over the front 
header prevents an excess of water from 
being carried into the dry pipe. As the 
rear header forms one large chamber, 
additional mud drum is necessary. Because of the greater area throug 
the header, the circulation is asserted to be freer than in the longitudina 
drum type of sectional header. Heine boilers are usually fitted with th 
“Key” safety handhole cap, Fig. 40, which requires no yoke, bolt, 
gasket. The caps are slipped into place from the inside of the water le 
and are held in place by the water or steam pressure. 

Among other well-known makes of longitudinal-dryum, | 
horizontal water-tube boilers may be mentioned the Edge 
Moor, Keeler, Parker, O’Brien, Erie City, Kroeschell and 
Casey-Hedges. ' 

68. Horizontal Water-tube Boilers — Cross-drum Type. — 
This type of horizontal water-tube boiler has practically fi 
superseded the longitudinal type in modern power houses 5. 49, «Key 
where large units are desired. Among the better known de- — ffandhole 
signs may be mentioned the Springfield, Babcock & Wilcox, Cap. 
Heine “S-type,” Wickes, Keeler and Page. As will be 
seen from Figs. 41 and 42, the cross-drum type differs from the longitudin 
drum chiefly in the location of the drum and the method of support. 
drum is placed transversely across the rear, immediately above the 
header or at some point between the top of the headers. Connecti¢ 
between drum and headers is made by means of circulating tubes @ 
panded into bored seats, and extending the full width of the drum, Sul 
able baffles prevent the water and steam (in the circulating tubes) f 

openly into the drum, This type of boiler has been bu 

various sizes ranging from 1200 up to 20,000 aq. ft, of heating surf 





Fic. 39. Junction at Header and 
Drum — Heine Boiler. 


iler, 


drum, and flows into the mud drum, from 





































for each tube end, but 
in the Springfield de- 
sign one  handhole 
covers four tubes. 
igure 42 shows a 
apecial application of 
the cross-drum design 
to very high pres- 
fures and tempera- 
(ures. The particular 
twit illustrated has 
inelined headers, and 
the water-heating sur- 
fawo is divided into 
two decks or sections. 
Tho lower deck has 8 
fetions and the upper 
tok 17 sections of 
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(120 to 2000 hp. nominal ratin; i : F 
: g) with working pressu 
100 to 1200 Ib. per sq. in. gp res ranging from 


The headers in the majority of cross-drum boile 


rs have one handhole 




















B| (3” eon 
H ions) 





Drum, 48” diam. with 
wall 4" thick 


41'-11" above 
floor line 


d Pipe 






Hil baffle, causing the gases to make two i 
passes. A prima 
lary superheater are placed between the two decks of ee 
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Two 3 1/4-in. horizontal circulating tubes are connected to the top of 
each manifold header and the drum, but the circulators from each 
alternate header are bent downward and sidewise so that they are 
connected to the drum in the same circumferential row as the cireu- 
lators without bends. The cross drum is a forged steel cylinder 48 i 
in diameter and 4 in. thick, with integral drum heads. The headers 
have 1 1/4-in. thickness front and back and 5/8-in. sides, and are designed: 
to give the tubes a stagger of nearly 4 in. The mud drum is 7 1/4 i 
square, 1 in. thick, and extends through each side of the setting. Th 
primary superheater is designed to raise the temperature of the steam 


69. Vertical Water-tube Boilers, Straight-tube Type. — Fi 
ny sectional elevation through a Wickes vertical boiler ae eee 
trating a well-known design of boiler with vertical, straight water tubes 
and vertical drums. The steam drum and water drum are arranged 
one directly above the other. The tubes are expanded and rolled mnt 
both tube sheets and are divided into two sections by fire-brick tile The 
Water line in the upper drum is carried more than 2 ft. above the tub 
Bhoet, leaving a space of 5 ft. between the water line and top of the ae 
l'his affords a large steam space and disengagement surface. Feedwater 


ls introduced into the steam drum below i 
the wat 
under 1200 lb. press I through: Mia ediibee Bh ieie water line and flows down- 


to 750 deg. fabr., a ond compartment. The boiler 
the secondary super ls supported by four brackets 
heater incloses the pi fiveted to the shell of the bottom 
mary superheater 4 ifm and is independent of the 
is intended to  rals Wilting. The entire boiler is 
the temperature of tl Hiwlowed in a brick or steel casing 
exhaust from the exti Weulated with non-conducting 
high pressure turbine t torial and lined with fire 
750 deg. The comple The entire boiler is sur- 
unit is about 28 ft. wid jiled by the products of com- 
36 1/2 ft. deep and This type of boiler is 
ft. above the floor. pile in design, easy to inspect 
Babcock and Wile 1 wlean, low in first cost and 
cross-drum boilers hat lip little floor space; but 
been installed in # tw only two passes, it eaninct 
Colfax station of fireod efficiently to very high 
Duquesne Light © tue. Wickes vertical boilers 
INURE iNKe Calumet and Crawf huilt in all sizes up to 5000 
jy ims stations of the ft) of heating surface, and for 
yV/ ee, monwealth Edison © lie pressures varying from 
: wR Ne Springfield power stat fy) 800 Ib, per sq. in. 
ie 1 shih Poa gelow-Hornsby boiler, Fig. 44, consists of a number of cylindrical 
ie ee = en a 0.5 and Riverside ie, each element consisting of an upper and a lower drum connected 
Fia. 43. Wickes Water-tube Boiler — Vertical Type. tion of ‘the North whit tubes, ‘The two front elements are inclined over the furnace at 
States Power Co. N » of about 68 deg, with the horizontal, and the two rear prone 
‘inal, ‘lhe upper drums of the elements are connected to a horizon- 
» drum by flexible tubing, as indicated. Four elements consti- 
seotion, and any number of sections may be connected together 
ranging from 2500 to 15,000 sq. ft. of heating surface. Feed- 
rm the top drum of the rear elements and passes the rear 
then up the tubes in the front elements. A notable installa~ 
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Fia. 44. Bigelow-Hornsby Boiler. 


able installations of Springfield cross-drum boilers are in the new F 
Gate station of the United Electric Light and Power Co., Barb 
plant of the Counties Gas and Electric Co, and the Indiana B 
plant of the Inland Steel Co. The units of the Hell Gate station 
18,900 aq, ft, of heating surface with 8-in, tubes, grouped as illust 


’ el ‘in Fig. 80. 
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tion of Bigelow-Hornsby boilers is in the new South Meadow Station 
of the Hartford Electric Light Co. The units in this station have 
approximately 13,920 sq. ft. of water heating, and are equipped with 


integral economizers in the rear of the setting. Each unit is com- 
posed of 55 cylindrical 


elements, 11 of these 
elements comprising 


taken from the rear drum. The boiler i 
entirely illaaendaalbek e boiler is suspended on a steel framework 


the brickwork setting. 
The feedwater enters 
(he rear upper drum, 
Which is the coolest 
part of the boiler, and # 3 











indrical units and @ 
cross drum connectet 
by slightly curved cit 
culating tubes. It 1 
claimed by the manu 
facturers that 
draft loss is less thai 
half that usually et 
countered for equal ¢ 
’ F " pacity end effigy ; al steam drums 
and that the boiler responds rapidly to high rates of evaporation witha ies lower or 
the usual falling off in efficiency. The best efficiency is obtained wh is, ‘The " fae 
the boiler is evaporating at a rate of about 9 Ib. of water per sq. ft. of tho fc oh aed’ 
heating surface, or in other words at 300 per cent rating. At 400 —_ the ra ves + ta is such as 
cent of rating, the results are about equal to those heretofore obtainal § exponen isis la i, pee cic 
around 165 per cent of rating. in Notable aah si to direct 
40. Vertical Water-tube Boilers — Curved-tube Type. — Under DH twne Stirli allations of the 
general heading may be grouped such well-known boilers as the S) aN or ave boilers are in ‘the 
(Fig, 46), Kidwell (Fig. 224), Adams, Heine V-type, Badenhausen (I thn Dotrolt Edi i aera: 
47), Connelly, Ladd (Fig. 90), Erie City Vertical (Fig. 48), and Rust. , Sunita in tt Nae Co. Individual 
all these boilers the drums are horizontal, but the tubes vary in inclinatit Be wi, ft . a station have 
from the vertical, in the Rust, to almost horizontal in the second p Hane aad ah ie eran prey me 
the Badenhausen. aie ouble-ende 
The standard type of Stirling boiler, Fig. 46, consists of three * eed papier stoker with 14 
verse steam and water drums set parallel and connected to a mud 4 i\ den ; tied ny oe 
by three banks of tubes so curved as to enter the drums radially. lenhausen boiler, Fig. 47, and 
enter drum is connected to the front and rear drums by steame¢ 
Jating tubes and to the front drum by water-ciroulating tubes, 8 


Vdd 
Ss 


Wee 


Ce aa : flows to the bottom #244) 
‘sid Ps 1a 7 or mud drum and Wee 
\Y: nes Ky ae oul thence up the front 
V; gie-p lnk of tubes to the 
Vy Edge Moor . 
N iz front drum, across to 
IN, comprising a numbe the middl ‘d 
of straight tube cy. finally . sed on sy 
’ e mid- 


ile bank of tubes to 
the mud drum. The 
Wierior of the drums 
ty weeonsible for clean- 
Wi nd inspection by 
Wwiholes located in 
Hieends, Inthe “Ww” 
w of Stirling boiler, 
wre three hori- 
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Fic. Stirling 
Boiler — Standard 



































. We. 28 , Kia, 46a, Half Secti “w 
oped Wig. 224 (which is similar ‘Type Stirling a aeiaaie 
wor ln basic principle) are ex- ville Station, 


the “vingefllow”’ type, in which the circulation is continuous 








and unrestricted at all loads. This excellent circulation is due to 
fact that the areas of the tubes enterin 
practically the same. Feed-water enters the top rear drum and passes 
down the rear outer tubes to the mud drum, thence up the front bank 
of the lower front drum, thence acros' 
top rear drum. The upp 
and the tubes connecting t 


way Ve 
Pa 
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and thence upward in the front bank, The very large Ladd boilers 


g and leaving the drums 4 


Motor Co. The boile 


ft. of effective heating s 
face. 








but two drums and th 
banks of tubes. 
tubes in. the former 
3 in. in diameter and 
the latter 3 1/4 in. 

two horizontal drums 
in line vertically and # 
tubes are so curved 


















































drums radially. The boi 
proper, comprising the 
drums and connec 
tubes, is suspended from the upper drum by a framework of 
beams. Feedwater enters the lower drum of the Erie boiler thro 
a distributing compartment, passes up the front bank of tubes and 


= 
Fig. 47. Badenhausen Boiler. 


down the middle and rear banks to the lower drum. In the Ladd boile 


the feedwater enters the separate compartment in the lower drum and 
directed upward through the rear bank of tubes, down the middle } 


» double-ended type and consist cxsentially of two “ 











































s the upper bank of tubes to the 
er front drum is essentially a steam collector, 
he top of this drum with that of the rear top 
drum are practically super= 
heaters. A notable im 
stallation of Badenhauser 
boilers is in the Highlan¢ 
Park plant of the Fore iy 81 ft. of floor space, 
Wil the distance from ash 
/ lo the top of the super- 
tiie pipe is 83 ft. The 
wos are designed to 
Wi) blast-furnace gas and 
tleved coal, simultane- 
¥ and in any ratio. 


are of the preheater typ 
(economizer element inte 
gral with the boiler), eae 
unit comprising 25,000 sq, 


The Erie City vertical, 
Fig. 48, and the “ stand: 
ard” Ladd boilers hay 


*tube Boilers. — Figure 
shows a general assembly 
§ Kroeschell Fire- and 


the ends as to enter th 
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hits inclined so as to form an inverted V. One of the most notable 
letullations of the double-ended type is in the River Rouge plant of the 
Vord Motor Co., Fig. 90. 
“The four main drums of 
Miwh unit, 60 in. in diameter 
hy 21 ft. in length, are con- 
Weled by banks of tubes 
Wvernging 20 ft. 6 in. in 
Wenuth, giving a total effec- 
Hive heating surface of 26,470 


Kach unit occupies 




















Combined Fire- and 





Fie. 48. Erie City Vertical Boiler. 


tube boiler illustrating a combination of a return-tubular boiler with 


Piube elements which has many advantages over the plain fire- 


tube type. This com- 
bination has the large 
storage capacity of the 
return-tubular — boiler 
and the thorough circu- 
lation and rapid steam- 

= ing property of the 
——— 7 water-tube boiler. The 
water-tube elements, 
immediately above the 
fire, prevent the shell 
from becoming over- 
heated, and the extra 
WW Kroosohell Pire- and Water-tube Boiler. pass of the gases per- 
mits of lower flue-gas 
fe for a given rating. This style of boiler is made in standard 
jie from a 48-in, by 16-ft, unit containing 1040 sq. ft. of 
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72a. Reheat Boilers. — Boilers whose main function is to reheat the 
exhaust steam from high-pressure engines or turbines, and at the same 
(ime generate high-pressure superheated steam from water, are known as 
reheat boilers. Basically, they are not different from other boilers genera- 
ling high-pressure superheated steam. See paragraph 405. 

73. Heat Transmission Through Boiler Heating Surfaces. — All parts of 
the boiler shell, flues, or tubes which are covered by water and exposed 
to hot ‘gases constitute the heating surface. Any surface having steam 
() one side and exposed to hot gases on the other is superheating surface. 
According to the A.S.M.E. Boiler Code, the side next the gases is to be 
twed in measuring the extent of the heating surface. Thus measure- 
fients are made of the inside area 
if fire tubes and the outside area of heey: 
Wiler tubes. Each square foot of  ,Bestsdse 
Wanting surface is capable of trans- 
Witting a certain amount of heat, 
Hepending upon the conductivity of 
the material, the character of surface, 
tie temperature difference between  ™™%* 
te gases and the metal surface, the 


i ~ it containing 3480 sq. ft. A 
ing surface to an 84-in. by 20 ft. uni ( A 
sahastaaanber of Kroeschell combination boilers, in use 10 Chicago and its 
immedi icinity, are giving excellent service. | 
Ss is tacat hope estte heat discharged by the psa 
ious | i h as open-hearth steel furnaces, pric f 
various industrial furnaces, suc padi 
i i tal reverberatory and refining 
cement kilns, beehive coke ovens, me ee 
i 80 per cent of that o the fuel supp 
and the like, represent from 25 to , ‘ os 
i i i t is reclaimed in the modern p y 
A considerable portion of this hea’ - ae 
i Inasmuch as the temperature of waste gash 
so-called waste-heat boilers. Aig 
i i ies from below 1000 deg. fahr., 
available for this purpose varies” 106 =! be a 
i Iting furnaces, it 1s obvious th 
cement kilns, up to 2300 for me ue thet Oe 
i irect fuel burning may be wholly unsut : 
proportioned for direc ee ae 
i iently. With gases aroun g. ; 
ing waste heat efficien se a ee 
jation i ligible, while for temper, 
transfer by radiation 1s almost negligible, : 
iation i ble. Where the waste gases 
2000 deg. fahr., the radiation 1s apprecia mie 
i bove 2000 deg. fahr., the waste 
discharged at a temperature abov i a oe 
i fired unit. However, the maj 
i but little from that of a direct fir i 
Benoa! boilers in service are utilizing gases at temperatures rani . 
from 1100 to 1700 deg. fahr., and, since for this condition heat transie 
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, aff UN y 
; . j ngement of heating surface and bafl UN 4 
is mainly ie ange . conditions. With low-temperatul Wation and arrangement of the P 
. ae bt in : heat-transfer rate at all comparable with that found it oe, ' the density and the velo- j r 
gases, to obta. si : : t ust be offset by af the gases. B 
; : i ficiency in temperature m ¥ ; : E| 
a, inte a ot ar lesaleed length of travel. Attemtis igure 50 shows a section through $1 r F 
rit pene called si the fact that the gases available for this class Boller heating plate and serves to E. 
should also be a invariably dirty; therefore, provision must be made ff litrate the accepted theory of heat § 
work are — Laie ae wit doors, through which all parts of ih Hatninsion, The outer surface of 8 so 3B 
cleaning, by the ins : d. In many instances, settling chambers are pr plate is covered with a thin layer , D 
setting may be reached. ° FE rth rmore, t! moob and a film of gas, and the A=Average Temperature of Moving Gases, 
; before the gases reach the boiler. Furthe , PML a: B=Average Temperature of Dry Surface. 
vided for the dust efore thi way interfere with the operation of t * surface is similarly protected C= Average Temporstare of Wet Surface, 
operation of the boiler must in no way Mlaver of acale and a. film: of =Temperature of Water . 


primary furnace to which it is connected, and by-pass flues and dam; 


Fig. 50. Heat Transmission Through 
ust be arranged so that the waste gases can be passed up the stack or 
m 


i and water. It is, therefore, Boiler Plate. 


i i ble to assume that the d 

i btain a high rate of heat tram malole ] ry ae: 
another waste-heat boiler. bp) te a tee of gas passages, Taw of the plate is located somewhere within the film of gas, and the 
by increasing the one boiler seanins greatly in excess of what \ aur faeo within the film of water and steam. 
iaLad Se daitile in direct fired boilers, and mechanical ¢ ‘ ow = pa Sire the déyiirtatase by: (1) radiation sashenieitlae 
be considered g00 P ft must be p wl wand furnace walls, and by (2) convection from the dincuakadiana 
i i due to the fact that draft m 
is usually necessary. This 1s 


‘The heat is transferred through the boiler plate and its coatings 
y by conduction, The final transfer from the wet surface to the 
ie tainly by convection. 

lation depends on the temperature, and, according to the law of 
wud Boltgmann, is approximately proportional to the difference 
| the fourth power of the absolute temperature of the fuel bed and 


i for the requirements 

i nly for the waste-heat boiler but 
nade state, If the supply of waste heat is not on 
is frequently the case, it is customary to install auxiliary appara a 


direct firing. 
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e of the dry surface of the heating pla t , 


According to this law, the heat transmitted by radiation increases rapidk 
with the increase in furnace temperature. Increasing the furnace tem 
perature from 2000 to 3000 deg. fahr. will nearly quadruple the amo n 
of heat imparted to the boiler by radiation. A drop in temperature from 
2500 to 2400 deg. fahr: will reduce the amount about 12 per cent. 
rate at which heat is radiated to the boiler heating surface is a function 0 
the angle of exposure of the radiating surface, but is not influenced by 
distance or shape of the poiler surface. With certain fuels, such as blast 
furnace gas, wet wood, or bagasse, where the highest attainable tempera ad : 
ture can be carried by the brickwork, it is best to absorb but little radia "q tc cl of heat transfer, B.t.u. per hr, per sq. ft sentel 
heat, in order to maintain a high furnace temperature. With the high K= >> age in temperature. pe RES a 
grade fuels it is necessary to absorb a considerable amount of the radi B a qoemcent, determined experimentally. 
heat in order to prevent too rapid destruction of the furnace refracto i 4 a function of the dimensions of air passage and mean te 
In the modern boiler and setting, such as illustrated in Figs. 42 and W = difference of the gas and metal. re 
over 50 per cent of the total heat absorption at rating is from radiatiom A + pes ape vsti ron Ib. per hr. 
= SS se 
boiler, a2. ry ctional area of the gas passages through the 


For two “ black bodies ” with parallel faces exposed to each other, & 
heat transfer by radiation may be expressed by the equation 


1600 
H = sor (Ft — T+) 


furnace walls and the temperatur vite +b 
4 possible that a more complete understanding of the phenomena 


4 have no radical effect on the present design 

‘xperiments conducted by H. P. Jord 

‘ ‘Ps an and the Bab i 

Indicate that rate of heat transfer by convection in is a va a 
ipproximately according to the law en ee 


U= K+ BW/A : (43) 


Which 


quantity W/A is called the mas i 
s veloc: i i 
i 4 the average boiler operating at rated fad e SEP 
4 constant for a given design and ranges in value from 1 t 
om (1) is greater for water tubes than for fire tube of ‘he 
~ m is greater as the diameter of the tube decreases aH © 
+ as be oF between water tubes decreases. For Selman 
Ongitudinal-drum boiler, K i i 
i ; is approximately 2.0 at 100 to 150 
he ee from 0.0005 to 0.004 and (1) is greater for wate 
» e Me eS, ba is greater as the diameter of the tube a Ko 
‘eater as the temperature difference be 
‘m tween steam and 
% h or the standard type of Babcock & Wilcox boiler, B i pi 
\ aly 0.0014 at 100 to 150 per cent rating aia Haid 
ane of equation (48) shows that, for a given set of con, 
oh gh py limits, the rate of heat transfer varies directly 
lili cane flowing per unit area of gas passage. This is 
ar Fey we of heat transfer varies as some power of 
| unity. But withi imits it i i 
(0 eonsider the exponent ni oy See nh coe 
_—" wal “= the following empirical formula for determinin, 
perature of a gas flowing through a flue, which hare 


H = B-t.u. per hr. per sq. ft. 
1600 = radiation constant for black bodies 
T;, T. = temperature of the hot and cold bodies respectively, 


fahr. abs. 


In the actual furnace with water tubes, the rate of absorption W 
from 0.2 to 0.3 of the theoretical, depending upon the nature of the 8 
Consult “ Radiant Heat,” Combustion, March, 1926, p. 170. 

In calculating the total heat transmission the resistance of the 
itself is so small that it may be neglected, and it may be logically as 
that the plate will take care of all the heat that reaches its dry surfaces 

In most boilers, where only a small portion of the heating surf 
exposed to direct radiation from the incandescent fuel bed, and in ¥ 
heat boilers, the greater part of the heat is transferred to the 
by convection. 

The amount of heat imparted by convection from heated gases to 
metal surfaces has been the subject of a great deal of investigation, 
from the experimental and theoretical side. Numerous attempts 
been made to correlate the experimental data with the theo 
ductions, but the results have beon far from harmonious. This, hor 
has had little effect on the practical development of the boiler, 


(a on the Rate of Heat ransf 
ritrom @& hot gas toa cooler surface pub- 
Mi, Vol, 48, 1916, Pp 407, / , 
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that by establishing a powerful scrubbing action between the gases and 
the boiler plate the protecting film of gas is torn off as rapidly as it is formed 
tid new portions of the hot gases are brought into contact with the plate, 
thereby greatly increasing the rate of heat transmission. Similarly, the 
faster the circulation of the water, the greater will be the scrubbing action 
fending to remove the bubbles of steam from the wet surface, and the 
Hore rapid will be the transfer from the plate to the boiler water. 
Professor Nicholson found that by filling up the flue of a Cornish boiler 
jth on internal water vessel, leaving an annular space of only 1 in. around 
latter, an evaporation eight times the ordinary rate was effected at a 
W of gases 330 ft. per sec. (8 to 10 times the average flow). The fan 
treating the draft consumed about 4 1 /2 per cent of the total power. 
“Tho conclusion is that the heating surface may be reduced as much as 


the results of a large number of tests: 
loglog (T1/t:) — loglog (T2/h) = ML 


herein 7; and T2 are the mean absolute temperatures of gas at 
where 1 
points in the flue. 
logarithm of the logarithm. 
ine 23 a abs. temp. of metallic wall, deg. fahr. 
% = . 
L = distance between points, ft. 
M is a function of the rate of gas flow 
diameter, as given in Fig. 51. 

M; that is, it falls when & \ 
which reduces the 


in the tube and | 


The temperature varies directly with A 
occurs, or with increased size of flues, 















































} per cent for the same output under existing ratings, with a correspond- 
flow of gas Mduction in the size, cost, and space requirements, or, with a given 
00 T TL {iw surface of standard rating, the output may be enormously increased ; 
0.28;-}t the increase in power necessary to create the draft is by no means 
ozo} wrable with the advantages gained. 
oaks a tmodern locomotive boiler is the nearest approach to these con- 
oe HN Wi in practice. Here a powerful draft forces the heated gases through 
o20 | bubes at a very high velocity, and an enormous evaporation is 
“ ae | with a comparatively small heating surface. 
3 ors WM iw ' principles have been applied to a limited extent to stationary 
Bu it ie ‘| ilready installed, by making the gas passages smaller as compared 
LAY a lieth, and by foreing larger weight of gas through the boiler either 
a WAS way. wi draft or by increasing the grate area. 
ot Aes as three distinct methods of heat transfer, radiation, convection, 
0.08 WK | Pee B iluetion, do not exist separately in the modern steam boiler, but 
0.08 7 TWN = filing at the same time. For this reason engineers find it con- 
o.o4 |, for purposes of comparison, to consider the total heat transfer 
0.2 [14 === 5 30 a0 800010 Milire surface irrespective of the method of transmission. As- 
o- LITT 7 LL pa Percentage of Heating Surface fi) lowes in transmission, the actual heat exchange may be ex- 
Flue Diameter Inches Fig. 52. Relation Betw 


Fig. 51. Effect of Flow and Flue Diam- 


ture of Gases and 
eter on Coefficient M. pera 


Surface Passed Over. 


SUd = WCt = w (Mi — @) ; (45) 


draulic depth.” Low values of M mean lower efficiencies, alth 
fer may be increased. . 
ceeds Fig. 52 is based on ae (44) for 2500 deg fahr. 
_ exit and 360 deg. steam temperatures. 
Eas by Prof. Nicholson’ and the U. 8. Bureau of M 


dora, 1910. 
\ Proc, Inst, of Engrg. & Shipbuilders, 
» Bul. 18, U. 8. Bureau of Mines, 1912. 


m) {l, of heating surface 

te coefficient of heat transfer, B.t.u. per sq. ft. per deg. dif- 
ference in temperature per hr, 

) temperature difference between the heated gases and the 
tal surface, deg. fahr. 

(of gases flowing, Ib, per hr, 
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C = average mean specific heat of the gases 
{ = mean temperature drop of the gases between furnace and breech- 
ing, deg. fahr. 
w = weight of water evaporated, under actual conditions, lb. per hr. 
H, = heat content of the steam, B.t.u. per hr. 
q = heat content of the feedwater, B.t.u. per hr. 


‘ pre of return -tubular and vertical fire-tube boilers allow from 10 

oi ft. “i pres surface per boiler horsepower (b.hp.); water-tube 
are ra : A 

tt, pel ale ed at 10 sq. ft. per b.hp., and Scotch marine boilers at 8 sq. 


Table 23 shows approximatel i 
y the relation between b. i 
surface for different rates of evaporation: rae Bey kee 


The mean value of U varies within wide limits, as may be expected from 
the number of influencing factors. For surfaces exposed to direct radia- 
tion, U may be approximated from equations (42-44), and for surfaces 
receiving heat by convection only, equation (43) is ordinarily used. 

For the average boiler operating at rated capacity, the mean value of 
U for the entire surface varies from 3 to 5. Modern high-set, coal-burn- 
ing boilers, such as the one illustrated in Fig. 109, have values of U at 
maximum overload ranging from 6 to 12. In locomotive and marine 
boilers, U ranges from 8 to 20, and in waste-heat boilers from 2 to 15. 


TABLE 23 
RELATION BETWEEN EVAPORATION AND HEATING SURFACE 
Sa aaEEEEnnnnnneeeeeeeee ncn REECE 
Evaporation from and at 212 Deg. Fahr. per Sq. Ft. per Hr 
2 2.5 3.0 3.5 4 5 6 7 8 9 10 


Sq. Ft. Heating Surface Required per B.Hp. 
17.3 13.8 11.5 9.8 8.6 6.8 5.8 4.9 4.3 3.8 3.5 


B.t.u. per Hr. per Sq. Ft. Heating Surface (Thousands of B.t.u.) 
1.9 2.4 2.9 3.4 3.9 4.8 5.8 6.8 7.7 8.7 9.7 
. 


Vhe Transmission of Heat into Si i 
: team Boilers: U. 8. B i 
112, Radiant Heat: Combustion, March, 1926, p. 170. NNR Wc ee su 


Example 19.—A boiler unit evaporates 32,000 Ib. of water per hr. 
from a feedwater temperature of 200 deg. fahr. to steam at 200 Ib. a 
pressure. Ternperature of furnace, flue gas, and feedwater, 2550, 550 
and 200 deg. fahr. respectively; heating surface 4000 sq. ft. Calculat 
the mean value of U. 

Solution. — From steam tables, H, = 1198, g@ = 168, temperature 
the steam = 382. 


d = (2550 + 550)/2 — 382 = 1168. (See paragraph 224.) 
Substituting these values in equation (45) and reducing 
- 4000 X U X 1168 = 32,000 (1198 — 168) 


¥4. Boiler Performance. — Tests of any ki i 
fordance with some accepted EEAGIE MO act: to tc " e 
frequently are valueless for purposes of comparison. The soe ted 
Mundard in the United States for testing power plant He aratu "p the 
feeommended by the Committee on Power Test Codes of the rr i ts 
Bovloty of Mechanical Engineers, and published under the title “ Roles 
- gantry: aye nel Tests of Power Plant Apparatus.” These 
", formulated by well-known specialists, give complete i st i 
Manrding tests in general and a detailed Ais i if tio gern 
+ os ae performance of boilers. The pes a, Meviteste > 
eh 11, 1924, and designated as ‘‘ The Test Code for Stati 
_ —— Stokers, Superheaters, Economizers, it we: 
Rintordnsceinptiivaltiies thitirete ade nce ee 
A code i 
lo June, 1924, are based on these rule r et taiiiloaha teh ) aa is 
the particular items wherein the two codes differ. The chan bei ma 
w code are more in the matter of recording data than in the sate othe 
timelves, though, as may be expected, the new code is the pte va 
pie because of development in boiler-plant design. In ri orn 
oty single pe was used for all classes of boiler equipment and fuels; 
how code special forms are used for different combinations of boiléais) 
? 


from which 
U'=7.t 


The maximum evaporation is limited only by the amount of coal whi 
can be burned. For example, a mean evaporation as high as 23.3 I 
(22,600 B.t.u.) per sq. ft. of heating surface per hr. has been effected 
locomotive work under intense forced draft, and 13.9 Ib. (13,500 B.t. 
per sq. ft. per hr. is not unusual in large central station boilers opera: 
at peak loads, Such extreme high rates of evaporation, however, 
invariably obtained at the expense of fuel economy. In the very la 
central stations, the boiler and settings are proportioned to operate 
tinuously at 200 to 300 per cent of standard rating with high ov 
efficiency and 450 per cent of rating for two or three hours, with o 
amall drop in efficiency, but such results are not obtainable in the ordi 


furnace and setting. 
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of 212 deg. fahr. in being converted to dry steam at the same temperature. 
The weight of water actually evaporated under observed conditions, ex- 
jwessed in terms of the weight which would be evaporated if the pressure 
Wore 14.7 Ib. abs. and the feedwater temperature 212 deg. fahr., is called 
the equivalent evaporation from and at 212 deg. fahr. Thus it will be 
en that the equivalent evaporation multiplied by 970.4 (Marks and 
Navis’ value of the latent heat of vaporization at atmospheric pressure) 
you the same total heat absorption as that under actual observed con- 
tions. In order to facilitate transference from ‘ actual” to ‘ from 
‘| at 212,” the factor of evaporation has been established. This factor, 
, ln the ratio of the heat absorbed by 1 lb. of feedwater under actual 
ilitions to what it would absorb if the pressure were 14.7 lb. abs. and 
feedwater temperature 212 deg. fahr., or, 
H — qe : 


F = SIA (46) 


superheaters, economizers and air preheaters, and for solid, liquid 
gaseous fuels. The subdivisions of the new, or 1923, code are as foll 


SOLID FUELS 


Table 1a. Data and results, test of stationary steam-generating 

Table 1b. Heat balance of steam-generating unit. Short form. 

Table 1c. Computations for test of stationary steam-generating: 

Table 1d. Heat-balance computations, short form. 

Table 2b. Heat balance of steam-generating unit comprising 
and superheater, with or without integral economizers. 

Table 2d. Heat balance computations for Table 2b. 

Table 3b. Heat balance of steam-generating unit comprising 
superheater, and economizer. 

Table 3d. Heat-balance computations for Table 3b. 

Table 4b. Heat balance of steam-generating unit comprising 
superheater, economizer, and air heater. 


Table 4d. Heat-balance computations for Table 4b. Which 


/] = heat content of 1 lb. of steam at observed pressure and tem- 
perature or quality, B.t.u. per lb. above 32 deg. fahr. 

(» = heat content of 1 lb. of feedwater at observed temperature, 
B.t.u. per lb. For most purposes gz = t2 — 32, in which 
t, = temperature of the feedwater. 

A = latent heat of 1 lb. of steam at atmospheric pressure (Marks & 

Davis’). G. A. Goodenough’s value is 971.7. 


LIQUID FUELS 


Same tabular headings as for Solid Fuels. 


GASEOUS FUELS 
Same tabular headings as for Solid Fuels. 
75. Units of Capacity. — According to the 1923 A.S.M.E. Boiler 
the output of a boiler equipment may be expressed as: 


(a) The weight of water fed to the boiler per hour at observed p 
and quality or temperature, and observed feedwater temperature. 


values of H for saturated and superheated steam may be found 
i tables. For wet steam, H may be calculated from the relation- 


) The equivalent evaporation per hour from and at 212 deg. Parkes (41) 
an 
(c) Boiler horsepower. loh 
The weight of water fed to the boiler per hour under actual condi « ~ quality of the steam, 
y @ latent heat at observed pressure, B.t.u. per lb., 


is obtained directly from test measurements. 

Because of the extreme range in practice in boiler pressure, 
superheat, and feedwater temperature, the statement of pounds of 
evaporated per hour gives no direct indication of the amount of 
absorbed, and for this reason a fixed condition of pressure, tempe 
and quality is taken as a standard for comparison, The unit seb 
the latent heat of vaporization of 1 Ib, of steam at standard at 

(14,7 Ib, per sq. in. abs.), The latent heat under 
ditions i# the amount of heat absorbed by | Ib, of water at a tem 
\ ote 


y = heat of the liquid at observed pressure, B.t.u. per Ib. 


hwiler horsepower, b.hp., as originally defined (Centennial Rating) 
vl on & conventional engine water rate of 30 lb. of steam per 
_ at 70-lb, gage pressure and feedwater at 100 deg. fahr. This 
valent to 84.5 Ib. of steam ‘from and at 212 deg. fahr.’”’ or 
W704 @ 338,479 B.t.u. per br. 

nt, or A.S.M.E., standard b. hp. is the evaporation of 34.5 Ib. 
from and at 212 deg. fahr. and, therefore, is the same in the 
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is a basis) are but 3 per cent lower than the equivalent from and at 212 
leg. fahr., and offer the advantage of direct conversion into B.t.u. without 
calculation, 

16. Units of Performance. — According to the final draft (March, 1923) 
of the revised code, the performance of a boiler (including firing equip- 
inent) should be expressed in terms of 


amount of heat absorbed as the Centennial b.hp. Since water rates v 
from 5.5 lb. per hp.-hr., in the most economical grades of condens 
engines using highly superheated steam, to 60 or 70 Ib. per hp.-hr., 
small non-condensing engines, it is apparent that the b.hp. has no ¢o 
nection whatever with the water rate of the engine. The power is 
veloped in the engine, and the boiler itself does no work; therefore, 
term b.hp. is purely arbitrary and misleading. 

Manufacturers of stationary boilers ordinarily rate their boilers 
the basis of 10 sq. ft. of heating surface per b.hp., and the power assig) 
is called the builder’s rating. If used as an index of size only, ¥ 
horsepower ” is a satisfactory unit, but as the size of the boiler bea 
relation to the horsepower of the engines it can furnish with steam,’ 
term “horsepower”? may well be omitted and the extent of hea’ 
surface only be specified. 


SOLID FUELS 


(1) Efficiency of boiler, superheater, furnace, grate and air heater: 
Natio of heat units output to high calorific value of dry fuel or fuel as 
fired. (Omit “ superheater ” and “ air heater ” if the unit is not equipped 
With these appliances.) 

(2) Efficiency, including economizer. 

(8) Fuel (dry and as fired) per hr.; per sq. ft. of grate; per sq. ft. of 
Wort and per burner per hr. ; 
(4) Combustion space per lb. of fuel (dry and as fired) per hr. 

. A and equivalent evaporation per lb. of fuel (dry and as 
M1) per hr. 

(6) Equivalent evaporation per sq. ft. of heating surface per hr. 

) Number of 1000 B.t.u. absorbed per sq. ft. of boiler heating surface 
rhe. 

(4) Boiler horsepower, average. 

(0) Percentage rating. 


Example 20.— A boiler unit evaporates 30,000 lb. of water per 
from feedwater at temperature 180 deg. fahr., to steam at 250 lb. 
pressure and 600 deg. fahr. Required the factor of evaporation, equl 
lent evaporation, and b.hp. developed. 


Solution. — From steam tables, H = 1313.9 and qi = 180 — 32 
148. Substituting these values in equation (45) and solving for F. 


F = (1813.9 — 148) + 970.4 = 1.201. 


The factor in this case signifies that it takes the same amount of he 
evaporate 1.201 lb. of water from a temperature of 212 deg. fabi 
steam at atmospheric pressure as it does to evaporate 1 lb. of 
from a temperature of 180 deg. to superheated steam at 250 lb. pi 
and 600 deg. temperature. 

The equivalent evaporation per hr. is therefore 30,000 X 1.2 
36,030 Ib. and the b.hp. = 36,030 + 34.5 = 1044. If the boiler is ¢ 
ated at a builder’s rating of 10 sq. ft. of heating surface per b.hp., If 
sq. ft. of heating surface would be required. If operated at 200 per 
of rating, 5,220 sq. ft. would be required. In large central stations | 
units are frequently driven during peak loads at 350 to 450 per ¢ 
rating. 


The same items are used for liquid and gaseous fuels, except that the 
ia‘ grate” and “ retort ” are replaced by the term “ burner.” 
Verformance in terms of “ combustible,” as specified in the 1915 code, 
heen omitted from the revised code and is not meritioned in the 
on definitions and values. 

Tho more important of these items will be considered separately. 

Y), Holler, Superheater, Furnace, Grate and Air-heater Efficiency. — A 
#ol boiler and furnace is one that transmits to the water in the boiler 
total heat of the fuel and air. In order to effect this result, combustion 
{ he complete, there must be no radiation or leakage losses, and the 
livin of combustion must be discharged at approximately the initial 
wrature of the fuel. No commercial form of steam boiler can fulfill 
vonditions; hence the amount of heat absorbed by the boiler will 
ye be less than the high calorific value of the fuel. 

general expression for overall efficiency of a steam-generating unit is 


Eom W (Hy = @) + Wy (48) 


ig 


Because of the variation in the value of the latent heat of vapo 
at atmospheric pressure as given by different authorities, and 
that computations must in any case be made in B.t.u., the Power 
Code Committee of the A.S.M.E. recommends that the capacity be 
in heat units per hr. instead of b.hp., and that the round number 104 
taken as the unit of evaporation instead of 970.4. For the data 
ample 20, this would give the total heat output as 80,000 (1313.0 = 
«= 84,077,000 B.t.u, per hr, or 84,977,000 + 1000 = 34,977 
evaporation, It will be seen that the unite of evaporation ( 
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in which | 
E = efficiency of the boiler equipment, consisting of boiler, supe 
heater, furnace, grate, air heater, and economizer, or of 

many of these appliances as are included in the equipment. 

W = weight of feedwater evaporated into steam, at the observ 
pressure and quality, lb. per lb. of fuel as fired or dry. 


COAL ANALYSIS, PER CENT OF COAL AS FIRED 


B.t.u. per pound, 11,250. 


Solution. — From steam tables, latent heat and heat of liquid of steam 


H, = heat content of the steam, at observed pressure and qualit ie lb. abs. = 856.8 and 338.2 B.t.u. per lb., respectively. Therefore 
B.t.u. per Ib. above 32 deg. fahr. * ri As ong of steam = 0.98 X 856.8 + 338.2 = 1177.9 B.t.u. above 
gq: = heat content of the feedwater as fed into the boiler, B.t.u. per \ / 


r ay absorbed by 1 lb. of feedwater = 1177.9 — (161.9 — 32) = 1048 


B.hp. = 86,000 x 1048 + (970.4 x 34.5) = 2692 
mpacity developed, 100 (2692 + 2000) = om teks ae 
‘actor of evaporation = 1048 + 970.4 = 1.08. 
eee actually evaporated per lb. of coal as fired = 86,000 + 10,000 
.6 Ib. 
quivalent evaporation per Ib. of coal as fired 
er Ib. = 8.6 X 1.08 = 9. F 
a Pet by the boiler per Ib. of coal as fies = 9.29 X ood R 
) B.t.u. 


Iiflicieney of boiler, f a ; 
)1 per cent. t, furnace, and grate = 9015 + 11,250 = 0.801 or 


Nefuse in ash referred t = : 
BB vor cont. red to coal as fired = 1600 + 10,000 = 0.16 or 


Combustible burned on the grate referred 
t ee 
} 16) = 76.0 per cent. 8 eferred to coal as fired = 100 


eeayalent evaporation per lb. of combustible burned = 9.29 + 0.76 
ee ID. 


feet, absorbed per lb. of combustible burned = 12.22 < 970.4 = 
UU. 


ombustible as fired = 100 — (8 + 12) = 80.00 per cent. 
Worific value of the combustible as fired = 11,250 + 0.80 = 14,062 


above 32 deg. fahr. The efficiency is frequently expressed 
“with or without economizer.” The former is obtained 
taking gz as the heat content of the water entering the bo 
and the latter as that of the water entering the economii 
For all practical purposes, g may be taken as %— 32, 
which f; = temperature of the feedwater, deg. fahr. 

H; = high calorific value of the fuel as fired or dry, depending 
the basis to which W is referred. 


Test Code for Stationary Steam Generating Units (Preliminary Draft): Mech. E 
Sep. 1923, pp. 548-558. 


The “ efficiency based on combustible ” was included in the 1915 © 
but has been dropped in the revised Code. This efficiency is cale 
from equation (48) by referring W to a “ combustible as burned ” be 
and taking H; as the calorific value of the “ combustible.” 

The various items involved in the efficiency calculation of a st@ 
generating unit are best brought out by a concrete example. For 
plicity, the unit is assumed to be without superheater, air heatel 
economizer. 


, 
Wielency based on combustible = (11,858 + 14,062)100 = 84.3 per 


h 


Example 21.— Calculate the capacity and economy of a stes m 
erating unit on the “as fired” and “combustible” basis, usi m7 : : 
following data: » Using tiber of 1000 B.t.u. heat units absorbed per sq. ft. of boiler heating 


fe por hr, = 86,000 x 1.08 x 970.4 + (20,000 ' 1000) = 4.5 


DATA AS OBSERVED 


Boiler heating surface, sq. ft 
Builder’s rating, hp.........: ccs eec scree eerste eet av eeneseens 
Steam pressure, lb. per sq. in. gage 
Barometric pressure, lb. per sq..in 
Steam pressure, Ib. per sq. in. abs... 6. eee teens 
‘Temperature of foo water, deg. fahr 
Tomporature of flue gases, dog. fahren. oo. cece creer eens en eee eens 
pecipecsary of boiler room, deg. fahr 
ty 


tempts have been made to separate the combined efficiency of boiler 
ww, and grate into two parts, viz., efficiency of the boiler alone inf 
wy of the furnace and grate; but the results have been discordant 
livolve the use of factors which cannot be obtained with any degree 
tvmey. Thus “ true ” boiler efficiency has been defined as the ratio 
heat absorbed to that available. The “ heat absorbed ” is taken 
‘lifference between the heat generated in the furnace and that 
vl into the flue, and the “ available” heat is defined as the dif- 
hotween the heat generated in the furnace and that discharged 
products of combustion at the temperature of the saturated steam. 


cere beer rm nereerer ese es ores we 
Ter eee eee ee 


Pewee eee ee ee ree ee eeeeeewns 


Ms Ais per aunt ue alge sea 
i) evaporated, Ib, Pn ee Deena rrerernerreron ; 
"rad, Vb, ne 


h ere eenene PPP RHR E RE Ee tere eee 


un * r 
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Can i i = isti fuel 

i f bustion in the f in which F = furnace losses, consisting of (a) loss due to unburned 
If wy, w, = weight of the yee ance thiuidke respectively, dropping through the grate or withdrawn from the furnace, (6) loss due 
and a bi ‘ to the production of CO, (c) loss due to escape of unburned hydrocarbons, 
Be HF: (/) loss due to the combination of carbon and moisture and production 

furnace gases, flue g , : : 4 
T, TT, T = wg ak "ohn ge i a reste otal of hydrogen when fresh moist coal is thrown on a bed of white-hot coke, 
saturated ste 


(¢) radiation due to the furnace and (f) unaccounted for losses due to the 
furnace. (For an analysis of these losses, see paragraphs 49 to 60.) 
Nquation (58) does not furnish a method of finding the true efficiency, 
hecause it is impossible to determine loss (d) and impracticable to obtain 
lows (c) with the gas-testing appliances ordinarily available. It is also 
(lmost impossible to separate losses (e) and (f) attributed to the furnace 
from the “ radiation and unaccounted for ”’ losses attributed to the boiler 


Alone. 


deg. fahr. 
= mean specific heat of the pro mi 
temperature ranges ¢ to ty, t,, ts, respectively. 


ducts of combustion ft 
Cty Cey Cs 


”? + 
Then, neglecting radiation and minor losses, the “ true” boiler 


ciency equals 
wycyT's meal Wel’. 
1 wyeyT 7 — Wees!'s 
TABLE 24 


PALATION BETWEEN FUEL CONSUMPTION AND BOILER, FURNACE AND GRATE EFFICIENCY 
(Pounds of Fuel Burned per B. Hp.-hr.) 


uy = w,-; and neglecting the difference in 


gee ap sag With these assumptions, equal 


mean specific heats, cy = = Cs 


(49) reduces to q 





Boiler, Furnace and Grate Efficiency, 





Ty a3) T. ty _ te t re? Vata 
ond a" uel, tu. a eee ee ee ee ee eee ee eee 
Ey beg T Me. T ye +; per Lb. 
f s , 40 45 50 55 60 65 70 75 80 85 
j . boiler or the effici EE a? | aad ea (es (SS eos Mae besaaul eis 
i heoretical efficiency, E2, of the , 

Tee efect bile, based on utilising all the hen exeet bist fa. / 8% | Sar / 855 |e oe fea |eo leas pas 
f the ideal or perfect boiler, ! : : : ' : : : : 9 
0 b iced . 4,500 9.84 | 8.75 | 7.87 | 7.12 | 6.56 | 6.05 | 5.62 | 5.25 | 4.97 | 4.63 
inherent losses, may be exp 0,000 9.30 | 8.25 | 7.45 | 6.76 | 6.20 | 5.72 | 5.31 | 4.96 | 4.65 | 4.36 
-(H—D/H 0,500 8.80 | 7.83 | 7.05 | 6.40 | 5.87 | 5.41 | 5.02 | 4.69 | 4.40 | 4.14 

E, = ( 10,000 8.37 | 7.44 | 6.70 | 6.09 | 5.58 | 5.15 | 4.79 | 4.46 | 4.18 | 3.94 

10,500 7.98 | 7.09 | 6.39 | 5.80 | 5.86 | 4.90 | 4.56 | 4.26 | 3.99 | 3.76 

AR Sh 11,000 7.60 | 6.79 | 6.09 | 5.52 | 5.06 | 4.67 | 4.34 | 4.05 | 3.80 | 3.59 
oi iu ofthe coal a8 fired Wom Gar [6.2 | Go| 9°00] £08 | 435 | $9 || as 9 
H = calorific value of the ¢ ’ ; ; ; > : : , , 

: in paragraph 59. 4,600 6.69 | 5.97 | 5.35 | 4.86 | 4.46 | 4.11 | 3.82 | 3.57 | 3.34 | 3.14 

I = inherent losses as analyzed in paragrap + etl 1,000 6.44 | 5.74 | 5.15 | 4.68 | 4.29 | 3.96 | 3.68 | 3.43 | 3.22 | 3.02 

} 5 which the theoretic 4.600 6.20 | 5.52 | 4.96 | 4.51 | 4.18 | 3.81 | 3.54 | 3.31 | 3.10 | 2/91 

Perc len carte ome, ee tim [Sir] eas | sat] ia |] S588 au ze] ae 
sak . taken as h00 , , ’ ‘ . 5 : 3.08 88 72 
bilities are realized, may be 6,000 5.58 | 4.96 | 4.47 | 4.06 | 3.72 | 3.43 | 3.19 |.2.98 | 2.79 | 264 








EB; = E/E, $n 
practice, the operating engineer is chiefly concerned with the com- 
wfivieney of the boiler, superheater, economizer, air heater, furnace, 
file, as defined by the A.S.M.E. Boiler Code. This factor is readily 
Hined with the ordinary instruments found in the average modern 
In attempting to better the efficiency, it is necessary to separate 
lou" losses as described in paragraphs 49 to 57, since this pro- 
mmables the engineer to locate the souree of loss, and, by com- 
the actual and inherent losses, to show where improvement may 
» Although efficiencies of 85 per cent or more have been 


in which 
E = efficiency of the boiler, furnace, superheater, — air 
and economizer, or of as many of these appliances 


included in the equipment. 


By = as in equation (51). 


The furnace and grate efficiency, Ey, based on heat available, 


expressed 


Koo (1 = (+P) + A= F) 
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realized in several instances without the use of economizers or air heate 


such performances cannot be expected for continuous operation. — 
plants where there are no peak loads and the boiler may be operated 


a constant set of conditions, a continuous efficiency of 83 per cent hi 
been realized with bulk coal as fuel, and 85 per cent with fuel oil or powder 
coal, but these figures are exceptional. In large central stations, hav Vi 
the usual peak loads in the morning and evening, and long banking peri¢ 


overall yearly efficiency is seldom greater than 78 per cent, though 
boilers may be giving 80 to 86 per cent efficiency when operating at 
most economical load. In large isolated stations with variable lo 
an overall boiler and furnace efficiency on the yearly basis of 70 per ¢ 
is exceptional and a fair average is not far from 65 per cent. Small isola 
stations, that show at times an efficiency as high as 75 per cent, sele 
average 50 per cent for the year. In the small coal-burning house-he 
plant, it is doubtful if the overall efficiency for the entire heating sea 
exceeds 40 per cent. The preceding figures refer to boiler installat 
without economizers or air heaters. For influence of the latter on 

90 
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Efficiency of Boiler and Superheater Per Cent 
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200 250 

Per Cent of Rated Capacity 

Fig. 53. Typical Performance Curves of Modern Boilers 
and Furnaces. No Economizers. 


furnace, and grate efficiency, see paragraphs 261-3. In gene 
overall efficiency is dependent primarily on the character of the 
the plant load factor, The greater the load factor, the smaller 
the standby losses (see paragraph 60), and the nearer will the 
efficioncy approach test results. ‘The usual discrepancy bet 
ciency as determined by special tests and average operation 
the fact that tho efficiency teat is usually conducted under 





STEAM BOILERS 151 


ditions. The boiler surfaces are cleaned, the rate of combustion carefully 
adjusted to maximum economy, and special attention given the firing, 
Whereas, in most plants these refinements are seldom attempted. In 
our strictly modern boiler plants, refinement of design and a systematic 
fupervision of operation have resulted in overall efficiencies far above 
inything hitherto thought possible. 


TABLE 25 


RELATION BETWEEN RATE OF EVAPORATION PER POUND OF FUEL AND 
BOILER, FURNACE AND GRATE EFFICIENCY 
(Pounds of Water Evaporated per Hr. from and at 212 deg. fahr. per pound of Fuel) 


Boiler, Furnace and Grate Efficiency 























Olorific Value 

of Fuel, B.t.u. 
sudan’ 40 45 50 55 60 65 70 75 80 85 

- Se Pe ees SS ey ee 

7,500 3.09 | 3.48 | 3.86 | 4.25 | 4.64 | 5.02 | 5.41 | 5.80 | 6.18 | 6.57 
8,000 3.30 | 3.71 | 4.12 | 4.55 | 4.95 | 5.36 | 5.77 | 6.18 | 6.60 | 7.01 
8,500 3.51 | 3.94 | 4.38 | 4.81 | 5.26 | 5.70 | 6.14 | 6.57 | 7.01 | 7.45 
9,000 3.71 | 4.18 | 4.64 | 5.10 | 5.56 | 6.04 | 6.50 | 6.96 | 7.42 | 7.90 
9,500 3.92 | 4.41 | 4.90 | 5.39 | 5.88 | 6.47 | 6.86 | 7.35 | 7.85 | 8.33 
10,000 4.12 | 4.64 | 5.16 | 5.66 | 6.19 | 6.70 | 7.21 | 7.74 | 8.25 | 8.76 
10,500 4.31 | 4.86 | 5.40 | 5.94 | 6.48 | 7.01 | 7.55 | 8.10 | 8.64 | 9.17 
11,000 4.52 | 5.09 | 5.65 | 6.22 | 6.79 | 7.35 | 7.91 | 8.48 | 9.05 | 9.61 
11,500 4.74 | 5.31 | 5.91 | 6.50 | 7.10 | 7.69 | 8.28 | 8.86 | 9.45 10.0 
12,000 4.94 | 5.55 | 6.16 | 6.78 | 7.40 | 8.01 | 8.64 | 9.25 | 9.86 |10.5 
12,500 5.14 | 5.78 | 6.42 | 7.06 | 7.70 | 8.35 | 9.00 | 9.64 |10.3 |11.0 
14,000 5.35 | 6.01 | 6.69 | 7.35 | 8.01 | 8.69 | 9.35 10.0 |10.7 |11.4 
14,500 5.56 | 6.25 | 6.95 | 7.65 | 8.34 | 9.03 | 9.72 [10.4 |11.1 11.8 
14,000 5.75 | 6.48 | 7.20 | 7.91 | 8.64 | 9.35 |10.1 ]10.8 |11.6 |12.2 
14,500 5.96 | 6.70 | 7.45 | 8.20 | 8.95 | 9.70 }10.5 {11.2 |12.0 {12.7 
15,000 6.18 | 6.95 | 7.72 | 8.50 | 9.26 |10.1 |11.8 {11.6 |12.4 |18.1 

The boiler, furnace, and grate efficiency is only one of the many factors 


ting into the economical operation of the boiler plant. Different 
iiuy give the same efficiency under actual operating conditions, but 
jiliimate economy in dollars and cents may vary considerably. The 


ériterion is the net cost of evaporation, taking into consideration 
eoat of equipment, the cost of handling the fuel, disposition of refuse, 
iy to handle peak loads, and depreciation of grate and setting. A 


jar, though somewhat empirical, method of comparing boiler per- 
Hives is on the “ fuel cost to evaporate 1000 lb. of steam from and 
¥ log.” basis. The cost of fuel is taken as the total cost of fuel de- 
| to bunker or firing aisle plus the ash content, thus: if the cost of 
the mine is $1.95 per ton, freight $1.90, handling $0.50, ash con- 
por cent, the total cost is $1.95 + $1.90 4+ $0.50 + $0.16 = $4.51, 
wllation is a problem in itself, and all local influencing conditions 
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must be considered before mai 
for plants equipped with coa 
to a railroad or to water tr 
of combustible, the lower wi 
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ximum economy can be effected. In general 
1 and ash-handling machinery and adjacen 
ansportation, the cheaper the fuel per po 
ll be the ultimate cost of evaporation. 
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Fic. 54. Typical Performance Curves. 
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No Economizer. 
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Mechanical Oil Burner. 


— According to the A.S.M.E. Boiler © 


\e f Combustion. 
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the rate of combustion is expresse 
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liquid, and gaseous fuels are burned in 
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Heating Surface 6,000 Sq. Ft. 
Furnace Volume 1568 Cu, 
Oil, 18, .t.u. (Ave! ) 


30 40 50 
Equivalent Evaporation From and At 212 Deg. Fahr. 


(Thousands of Lb, per Hr.) : ‘ 
Fig. 55. Typical Performance Curves. Modern High-set Boiler. 






No Economizer. 


sq. ft. of retort, per retort or pe 
and (2) Ib, of fuel (dry or as fired) per cu. ft, of furnace volume, 


suspension, and since no- 
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are employed the rate of combustion is expressed in terms of furnace 
volume or per burner only. 

































































Fic. 56. Average 


of fuel which can be 
burned per unit of time. 
The rate at which solid 
fel can be burned de- 
fends upon the extent 
fil nature of the grate 
wirfnce, character of the 
fel and the draft. Effi- 


Hieney of combustion is 
larwely influenced by the 
sie and proportional di- 
Wensions of the com- 
istion chamber. In loco- 
wlive and marine prac- 


m, space — limitations 
wesitate the use of 
Hall erates and combus- 
#0) chambers, but in sta- 
wary plants there is a 
(le permissible range in 
In the former, the 
miunt of fuel burned per 
fi, of grate surface or 
ou, ft, of furnace vol- 
must be high, in 
to obtain the de- 


» of the equipment, 
































Weekly Boiler Efficiencies. 
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Colfax Station. 


The capacity of a given boiler equipment is limited only by the amount 
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Fia. 57. Boiler Performance. 
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Forced-draft Chain Grate. 


opacity, but in the latter it may be high or low depending upon the 
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Grate Surface. Grate surface is defined by the A.S.M.E. Committe richest 
on Power Test Codes as the horizontal projected area of grates or stoke! \acateheiahins 04 
.s - RATES OF COMBUSTION 
including dump plates, ash crushers, etc. It is also stated as the to Lb. Fuel per Sq. Ft. of Grate Surface per Hr. 
projected area of all surfaces supporting fuel, within the front wall of @ulk Fuel) 
furnace. In stationary practice there is a wide permissible range in pre Natural Draft ata Hata 
portioning grate surface, because a given rate of combustion may D Kind of Fuel 
effected with large grate surface and light draft, or with small grate sui Hand-fred Chain Grate |Hand-fired| hain Underfeed 
nt face and strong draft. Fa Be cack pipes ier kumar Gatco 
3 $NTracite....... j 
Z 4 example, 9000 lb. of coal cat Nomi-anthracite...| nt wd oe z a Not suitable 
& be burned per hr. at a rate ¢ Momi-bituminous., 18 35 35 40 * 
ki 30 Ib. per sq. ft. of grate sul eterna pl See 20 35 30 45 8 
; HK . It. é Yostern itum.... 30 35 
Ea face per hr. on a 300 sq. es Cree ines Not Euahle Not suitable 20. rt Not pen 
SPO y grate, and at a rate of 15 Il a 40 35 50 40 
E150 I mF ; 
per sq. ft. on a 600 sq. ft. gr 
ia Seeneeeeees The draft necessary to force t} TABLE 27 
& 550 ahilar eit Gas Y ft air for combustion through ECONOMICAL COMBUSTION RATES 
8 0 aoe. grate openings and fuel bed | - toda alkane wl 
& 450 Rate the smaller grate, however, (P od Antics Eastern | Pittsburgh| Illinois ns 
|_| ired) Coal Coal Coal Lignite 
12 per Cant COf> have to be greater than - 
8 u pee ee of the larger because of Wed carbon.......+....... 73 57 
nm increased depth of the ft spetile MR fae Ye FS, 17 30 pe 
. . i} 
ago[+ By inereasing the depth of ee ee oh beets 10 
ed Fe fuel and the draft press 4 Bure. wo thdhe cl VA tne 4 4 Pe 
aie any rate of combustion up WW (ry)... eee eee eee 14,300 | 13,500 11,500 
ree the maximum obtainable ¥ « | S| 
4 that particular fuel can Wihustion Rates: 
5 180 . ‘eag3. } Dry Iuel per Sq. Ft. 
G =WithoutPreheater| maintained, provided the i per Hr. 
. * Hilmum f 
eae ee. soy ae Honiinious B | ibis | 120 hee 
Fic. 58. Performance of Boiler No. 9, Colfax * * imit to the’ Vel 7 meetin Cf eee. 20-22 222 
Station, with and without Preheated Air. which air can be suece Hevommended for A 3 
h h i 0-38 32-40 30-3 
forced through a given PHALnuOUS B 20-25 | 23-26 : 
and kind of fuel. A certain time element is essential to the mainten Hwration 1+ Fr ae 23-26 srt 
of combustion temperature and the proper mixing and contact of the Maximum for “¥ 40-45 | 40-45 
with the fuel and unconsumed gases. When the flow of air through er mpous A 25-28 | 30-35 Ose 
grate openings is so rapid that this time element is not provided, WI 30-33 35-40 
fire is “ blown out.” This condition frequently arises when high ¥ ' mepmended for 4 50-60 | 50-60 45-60 
of combustion are attempted with forced-draft stokers by raising ah C ie 3e40 32-35 
wind-box pressure until the velocity through the grate openings Bein um for ¥ nated 
cossive. ‘The maximum rate of combustion is dependent upon the dhour B a = 60 
acter of the fuel, stage of combustion, and provision for dissipat J 8 RRO EPR: 40 Pi 







air through the fuel bed. There is more danger of blowing out - " 
in the ignition stage than after the carbon has reached incand BR ai verb, 
in grate, 


——— ee ee 
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Evidently the term ‘“ maximum rate of combustion per sq. ft. of grat 
surface per hr.,”” as determined by dividing the total maximum weight ¢ 
fuel fired per hr. by the area of the grate, may be misleading, as for 
ample in a forced-draft chain grate where there are three distinct stag 
of combustion. Here the weight of fuel burned is relatively sm 
in the first stage, high in the middle and again low in the last. 
illustrates the fact that air can be forced through certain section 
of a grate at much higher velocities than through other portions of 
same grate. The maximum economical rate of combustion of any 
is largely influenced by the furnace and grate equipment. High 
of combustion usually result in high furnace temperatures with incres 
troubles from clinker formation, destruction of the furnace refracto 
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Fig. 59. Typical Performance Curve. Natural-draft Traveling-grate 
Stoker. Low-setting, Subbituminous Coal. 


and burning out of tubes. For each fuel and grate there is a maxi 
rate of combustion beyond which the efficiency drops off rapidly, 
the equipment should be designed to operate within this maxim 
Where conditions permit, high rates of combustion should be avoid 
In some of the latest power stations provided with water-cooled 
walls, large combustion chambers, and clinker grinders, rates of 
bustion have been obtained at peak loads which a few years ago 
thought impossible. 
The ratio of grate area to heating surface is sometimes used as & 
in proportioning the grate, but the extent of grate surface depends 
so many factors that, this method of procedure is of little value 
likely to lead to serious error. Thus, with anthracite and han¢ 
grates, we find boilers operating successfully with ratios of grate 
to heating surface ranging from 1 to 30, to 1 to 60, With unde 
stokors burning bituminous coals, the range is from 1 to 35, to 1 to 
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The curves in Fig. 60 give some idea of the relation between draft and 
rate of combustion for various fuels, and the values in Tables 26 and 27 
offer a rough guide for estimating the average rates of combustion in. 
general practice. ’ 
2 locomotive and marine practice, rates of combustion as high as 
225 lb. of coal per sq. ft. of grate surface per hr., have been attained, but 
such results cannot be considered seriously from an operating pale of 
view. The results, however, show what can be done in the way of burning 



















































































Deer of Dr Reece etwees Farcace and Ash 
= WINS 
NON 


4 2 16 20 24 28 82 36 
40 44 
Pounds of Coal Burned per Square Foot of Grate Surface per Hour 7 


lia. 60. Relation Between Draft and Rates of Combustion for 
Various Coals — Stationary or Traveling Grates. 


fuel, In the latest large central stations, in which the boilers operate 
Hiitiously at 200 to 250 per cent rating, the rate of combustion at these 
wldom exceeds 50-60 lb. of high grade bituminous coal per sq. ft. of 
ited grate surface per hr. , 


A TABLE 28 

M WD.U, FIRED PPR HR. PER CU. FT. 
or ABouT 80 PER CENT ath Bde fmoxckeenat Badal ws 

jiverised coal (ordinary type of furnace).............. : 22,000 
HAlieuratoe stokors (natural draft)... ................0.. , ten 37,500 
Magrato atokers (forced draft), .....iescesecscssecvseecceeas 55,000 
1 ITT a, (ROR 64,000 
alow re NEA A oS ae 85,000 
Marine, hand-fired............:ccyrevenescesees Hea 144,000 
aalonl tyaetiet'),45 611 snieed OEURAM cay os. aescavhae 176,000 
sel con! (turbulent flow or well type furnace)... ... aster 350,000 
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79. Influence of Capacity on Efficiency. — Boilers are ordinarily rated 
on a commercial basis of 10 sq. ft. of heating surface per b.hp. This rating 
is absolutely arbitrary and implies nothing as to the limiting amount of 
water that this amount of heating surface will evaporate. It has long 
heen known that the evaporative capacity of a well-designed boiler is 
limited only by the amount of fuel that can be burned on the grate. Thus, 
in locomotive practice, 1 b.hp. has been developed with 2 sq. ft. of heating 
surface, and in torpedo boat practice this figure has been reduced to 1.8 
mj. ft. If there were no practical limitations to capacity, few, if any, 
hoilers would be operated at the rated load, and the amount of heating 
fiurface for a given evaporation would be only a fraction of the present 
fequirements. Briefly stated, the limitations are: ; 


: : ich can be burned 
Furnace Volume. The maximum amount of fuel which ¢ ab 


efficiently per cu. ft. of furnace volume is 4 product re mason a “a 
i factors may be mentione e 
Among the more important te ee 
f fuel-burning equipment, an a 
fuel, shape of furnace, type © : a 
ixi i latile gases in the furnace. 
loyed for mixing the air and vo » ae 
ia. dilietont conditions, general comparisons a on Se call 
i lue for purposes Of design. t 
furnace volumes are of little va. - “— 
i + of settings and higher mat 
volumes mean increased first. cos nighe | 
usti a necessity in marine 
es. Small combustion chambers are in . 
agate work, and high combustion rates must a cmpedna ns: a 
i i i In stationary boilers there 18 suc 
to realize the desired capacity. : ‘ 
icti i i the size of furnace for a given 
ction and there is a wide range 1n . 
sg an a As much as 25 lb. of coal and 16 lb. of oil have ee bu 
er hr. per cu. ft. of furnace volume in locomotive and marie bo: — , 
ath of the reduced boiler efficiency such extreme rates of combustit 


i CQO 
are not to be considered except for emergencies. In the average 


burning stationary plant, maximum combustion rates seldom exceed 2 


of coal and 4 Ib. of oil per cu. ft. of furnace Sa a: — ke 
i j i Ib. of coal and 8 lb. of oil have be 

station practice as high as 4 ae 

th good efficiency. see a 

br. per cu. ft. of furnace volume wi 

Co h 100. The data in Table 28 give the maximum B.t.u. fired a 

: se ft. of furnace volume at efficiencies of about 80 per cent, wi ne 

hatanidh as recorded by Edwin B. Ricketts (Power, April VW, 1 












































|, Efficiency. — As the capacity increases beyond a certain limit, the 
Hverall efficiency drops off, and a point is reached where further increase 
ji capacity is obtained at a cost greater than that of additional heating 
Hirface. 

¥. Grate Surface. — All fuels have a maximum rate of combustion 
lwyond which satisfactory results cannot be obtained. With this limit 
Mlablished, the only method of obtaining added capacity is through the 
Widition of grate surface. Since the grate surface for a given boiler is 
Wiilted by the impracticability of operating economically above a certain 
wl there is obviously a commercial limit to the maximum weight of fuel 



























































ceutupiabrt, ined per unit of time. 
i, Draft. —In order to effect a heavy rate of combustion, a great 
p. 618). TABLE 20 Wrense in draft is necessary. Apart from the power required to produce 
FURNACE VOLUME, LARGE CENTRAL STATION raft, there is the possible loss of fuel carried away in the “ cinders.” 
COAL CONSUMPTION PER CU. FT.OF Coal keene 4, At heavy rates of driving, the furnace and stoker maintenance 
Soap ae hoaiat 2? “ hecome excessive. 
Boilet_ | purnace |————— |... . | aa §. /eedwater. — For continuous high boiler overloads, the feedwater 
Location Tpeaeesd “Ne Boiler Rating % Reis Soe, int be practically free from scale-forming elements and matter which 


(| to cause foaming and priming. 
pe ee Ee f WNelernal Surfaces. — Soot is such an excellent non-conductor of 
{ that provision must be made for its removal at frequent intervals, 
hate eeee 3. + , particularly so, if the boiler is expected to operate efficiently at heavy 
i, ; 15,000 2. 7 In 


Colfatwcais..+- 20,880 












(a show that if the furnace conditions are kept constant regardless 
tad, the efficiency of the boiler alone will decrease with increasing 
_ tut the furnace and grate efficiency increases with the capacity 
4 certain point, beyond which it remains constant or gradually 
off, lor a certain portion of the load, this increase in furnace effi- 
may be at a greater rate than the decrease in boiler efficiency. 


* At 285 per cont rating. 
Teate of a Type W Stirling Boiler: P, W. Thompson, Trans. A.S.M.E., Vol. 44y 





Performance and Practice at Colfar Station: C. W. Bi Clarke, | 


, 1022, p. 217. : 
ag orate Hiteiency Victor J, Avbe, Trans, A.A.M.E., Vol. 43, 190 ou 


Boiler and Furnace Keonomy: D. Be Jacobun ‘Trans, A.8.M.E, Vol 43, 
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air will be found above the unburned or devolatilized portion of the fuel 
bed, and immediately above holes in the fire, but all the air for complete 
combustion cannot be forced through the burning portion of bed from 
which the volatile matter is being distilled. 

The following abstract from Technical Paper 80 U. S. Bureau of Mines 
is of interest in connection with the hand firing of soft coals on sinidouie 
grates. ‘A thick fuel bed not only does not decrease the free oxygen in 


Consequently, the maximum combined efficiency may occur at a poimn 
either side of the rated capacity or remain constant over a considera | 
range of ratings. 

In general, the combined efficiency of boiler, furnace, and grate m 
creases with the capacity until a maximum is reached, from. which poi 
it drops off steadily with each increment of increase in load. This poi 
of maximum efficiency varies with the type and size of boiler, kind 6 
grate, design of furnace, character of fuel, and conditions of operation 
and may range from 75 to 200 per cent or more of the rating. Wil 
stokers of the underfeed type, other things being equal, the highest 
ficiency is obtained from the greatest number of retorts, and the great 
effect on the overall efficiency is the rate of driving per retort. 
curves in Figs. 54 to 60 are based upon authentic tests and give some ik 
of the effect of capacity on efficiency in specific cases. There are p 
throughout the country in which boilers are developing, during periods 
peak load, capacities of 500 per cent of the rating, and 603 per cent I 
been reached at the Hell Gate Station; but such loads cannot be m 
tained continuously (with the present type of equipment) with any deg) 
of ultimate economy. It is a question if there are thirty plants throu 
out the country operating continuously day in and day out at 200 p 
cent rating. Widely varying loads are carried to-day in ordinary p 
operation with overall efficiencies higher than those formerly secu 
from constant loads and under test conditions. 


_ Some Comments on Boiler Capacity: L. R. Lee, Power, Mar. 15, 1922, p. 433. 
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Fig. 61. Effect of Thickness of Fire on Capacity and Efficiency. 


(lue gases, but it may actually increase it, thus: Assume that in a 
uiefired furnace with a fuel bed 5 in. thick, the quantity of air admitted 
fuel the proper opening in the fire doors is sufficient to burn completely 
sombustible gases rising from the fuel bed. Now, if the thickness of 
fuel bed is increased to 10 in., its resistance is nearly doubled; the 
fi over the fuel bed is increased somewhat, but is not doubled. The 
jtily of combustible gases rising from the surface of the fire depends 
ily on the quantity of air flowing through the fuel bed. Therefore, 


80. Thickness of Fire. — For each boiler equipment, set of operat 
conditions, and grade of fuel, there is a depth of fuel bed which will 
maximum efficiency; but, unfortunately, there are so many Vé 
involved that general rules based on only two or three of the influer 
factors are apt to be misleading. The composition and size of fuel, the resistance of the fuel bed is nearly doubled by doubling the 
sign of grate and stoker, type and size of boiler, method of firing, f Kien of the fuel bed, less air (but more than one-half) flows through 
construction, and general condition of the equipment exert such maar five and less combustible gas rises from its surface. At the same time 
influence on the proper depth of fuel bed for a given rate of driving | Hpenings admitting air over the fuel bed remain constant, so that the 
actual tests of each installation are necessary before this item em / furnace causes more air to flow over the fire. Thus, when the fuel 
definitely established. For a given size and grade of fuel, a thick jp 10 in, thick, less combustible gases are burned with larger air supply 
offers more resistance to the flow of air than a thin one; therefore, fi {he fire than when the fire is only 5 in, thick, provided, of course, that 
given draft pressure, the weight of air which can be forced thro }) ennen the fire is perfectly level and is free from holes. 
fuel bed increases or decreases as the thickness is decreased or inc jeunulation of clinker has the same effect as thickening the fuel 
Evidently there is a point beyond which increased depth will resul ‘The clinker increases the resistance to the flow of air through the 
deficiency of air, with accompanying reduction in eapacity and effie , wo that the latter generates a smaller quantity of gas. The 
The reverse, however, is not true, since the greater the weight draft in the furnace draws in more air through the openings in 
forced through the bed the greater will be the rate of combustion, oor, #0 that more is used to burn 1 lb, of coal when the grate is 
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clinkered than when the fire is clean. This fact is known to every boiler- 
room operator. f 

Many firemen do not like thin fuel beds because they cannot run 
fires with long intervals between firings. However, this feature is rather 
in favor of a thin fuel bed than against it. If the fireman must give the 
fires frequent attention he is more likely to keep them level and free from 
holes. A thin and level fuel bed is the most important requisite in burn 
ing coal efficiently. 

‘A thick fuel bed is a common cause of excessive clinkering, particula yf 


in the case of a coal whose ash melts at relatively low temperature. Clink tlow. 
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Thickness of Fire (inches) 
Fic. 62. Influence of Thickness of Fire on Efficiency. 
forms in thick fuel beds because the reduced air supply through the 
permits the ash to become heated and because the heating is partly ¢ 
in a reducing atmosphere of CO. 
Under the usual natural-draft operating conditions in stationary 
equipped with hand-fired stationary grates and burning soft coal, the 
no reason why fires should be carried thicker than 8 in. and with some 
even an 8-in. fire is too thick. If the coal is coarse and contains onl} 
small portion of fine coal, the thickness of the fuel bed may be near 8 
but if the coal is mostly small pieces and slack, better results are obti 
with the thickness of the fuel bed near 4 in.” 
With chain-grate stokers, the depth of fuel bed in average pre 
ranges from 4 to 12 in. depending upon the draft, nature of the fuel, 
speed of the grate. With underfeed stokers the depth may range fro 
in. to 2 ft, Because of the increased agitation of the fuel bed at h 
ratings, the resistance through the fuel of an underfeed stoker 
Joss at maximum load than at somewhat lower loads. See Fig. 2 
wtated, the most economical thickness of fire can be d 
only by actual tont of each installation, Some idea of the infl 


ae) | Ne 
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thickness of fire on the efficiency and ity i i 

gained from the curves in Figs. ~ and ee ene: ae eae 
81. Pressure Drop through Boilers.— The resistance encountered b 
the gaseous products of combustion in passing through the boiler male 
in a pressure drop or ‘ draft loss,’”’ which varies greatly with the type and 
tive of boiler, arrangement of gas baffles, number of gas passes, design of 
superheater, amount of, air used per lb. of fuel, and the rate at whith ek 
boiler is operating. For a given equipment, the pressure drop from fur- 
iace to uptake varies approximately with the square of the velocity of 


The vertical passes in any boiler act as chimneys and are capable of 
furnishing a draft pressure in much the same manner as the chimney 
proper. The greater the length of the vertical passes the greater will be 
the “chimney action.’ 


The pressure difference due to the chimney 











wilon of flow of the gases. 


that of the atmosphere, 
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fwlion may decrease or increase the draft of the stack, depending upon the 
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Fia. 63. Pressure Drop through Boilers. 


If the flow is upward i 
we an additional height of stack; if pri hte it dae rm nian 
‘Thus, in the Wickes boiler, Fig. 43, the vertical path of the gases 
‘uh the boiler itself causes considerable chimney action. At low 
iw the pressure at C may be atmospheric or even slightly above 
viel the draft in the combustion chamber B may be 0.10 in. of bani 
) This means that the boiler itself furnishes 
ent chimney action to operate the boiler at this load. Similarly 
fi at D may be higher than at C because of the negative chimasy 
end resistance combined. The difference in temperature of the 


Sy ee eee 
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cooling acti 


gases, due to the 
d in calculating the chimney action. 


course be considere 

- all boilers, the chimney acti 
drop throughout the setting, 
of flow is low. 


TABLE 30 
AVERAGE PRESSURE DROP THROUGH BOILERS 
Boilers Operating at Rating 
(Frank R. Chambers) 





Type 
cpl ye 


Atlas (Horizontal Pass) 
Atlas (Vertical Pass) 
B. & W. (Vertical Pass) 
B. & W. (Sewall Pass) 





Keeler (Vertical Pass) 
Keeler (Horizontal Pass) 
Oil City (Vertical Pass) 


B. & W. (Horizontal Pass).....-.. GO | Page.......-s-ceere teers erent 
Cahall (Vertical)......5---055+°+ 65 | Return Tubular........-.---+--+++ 
Edge Moor (4 Pass Vertical)..... 64 | Scotch Marine......-.-.-++++++5 
Edge Moor (3 Pass Vertical).....| 55 Stirling (5 Pass)......---+++++++5 
Edge Moor (Horizontal Pass)..... 60 | Stirling (4 Pass)......---.++++++ 
Erie City (Vertical)......-.---++ 60 | Stirling (8 Pass)......----++-++> 
60 | Wickes (Vertical).......-.+++++> 


Erie City (Horizontal)........--- 
A = Pressure drop through 

This factor applies only to han 

sq. ft. of grate surface per hr. 


d-fired furnaces burning about 


Because of the great variation in th 
variety of baffle arrangement, and the wi 
it is impossible to establish rules 
application, 
Frank Chambers, Deputy Smoke Inspector of the Department of 
Chicago, Illinois, and give some idea o 
fired boilers operating at rated 
at approximately 25 lb. per sq. 

The curves in Fig. 63 show 


ft. of grate surface per. hr. 


types of boilers at various ratings when burning bituminous coal, 
The curves are 


be used as rough 


value 12,500 B.t.u., with 100 per cent air excess. 
able only to the specific cases analyzed, but may 
proximations for preliminary calculations. 


The draft loss with forced-draft chain grate and underfeed stoker 
roughly 20 por cont less than that given in the curves of Fig. 63, and 
With blast-furnace gas, the draft: 


oil fuel about 25 per cent less. 
about 15 per cent greater than that given in the curves. 


on of the heating surface, must 
In practicall; 
on of the vertical passes influences the pressure 
and the effect is more marked when the 


Heine (2 Pass Horizontal).......-- 


boiler, per cent of total draft at stack side of damp 
25 Ib. Illinois coal 


e size and design of boilers, @ 
de range in operating conditit 
for draft losses which can be of gen 
and it is advisable to obtain specific data from the m 
facturers. The values in Table 30 are based upon the investigations 


f the draft losses through hal 
capacities when burning bituminous ¢ 


how the draft losses vary with differ 
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82. #lue-gas Temperatures. — The sensible h i 

flue gas is usually the greatest loss in the ene vasa * 4 
greater the extent of heat-absorbing surfaces for a given wei ht of ; 
the lower will be the loss. In the ordinary boiler without pe ti al 
®conomizer surface, the minimum theoretical temperature of th dacciis 
is that corresponding to— nisi = 
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steam. With preheaters =” 2° 
or economizers the mini- 41 on 
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perature is that corre- om 

sponding to the lowest E ao 

temperature of the heat- 5 

Absorbing fluid. While 8° 
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Boiler Rating Per Cent 
Fia. 64. Influence of Rate of Driving on Boiler and 
Furnace Temperatures. 


Wiiple matter to add 
Willicient heat-absorbing 
om to reduce the 
; liieuas te i imi 
| oe erin bs Sr atenea hn limit, such a procedure 
( cost of fuel. Fixed ch 

es aad charges and oper- 

a intenance costs more than offset the gain. The heating 
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” in the modern boiler without i 
’ preheating element 
: ‘ama! ae he and baffled so that the exit elbenelioe 
We gos at boiler rating i 
ee g is from 25 to 100 deg. fahr., above that of 
tomperatures are functions of the iti 

composition of the fuel 
, tate of driving, arrangement of baffles, extent of heating wire 
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face exposed to direct radiation, cleanliness of the heating surfaces, an 
design of boiler, superheater, and furnace. Some idea of the temperavul 
ranges in various parts of the setting of a modern stoker-fired furnai 
may be gained from the curves in Fig. 64. The curves in Fig. 65 are on 
approximate and should not be used for purpose of design. Specific da 
for any set of operating conditions may be had from boiler manufacturer 
For a given boiler and furnace equipment and rating, flue-gas temperat 
are generally lower with oil and gaseous fuels than with solid fuels beca 
~ of the smaller air excess, and for the same reason mechanical stokers gi 
lower temperatures than hand-firing. Flue-gas temperatures for a num 
of specific cases are given in Figs. 54, 55 and 58. 
83. Economical Loads. — The most economical rating at which a bol 
plant can be run depends primarily upon the load to be carried by 
individual plant and the nature of such load. The most economical It 
from a commercial standpoint is not necessarily the most efficient It 
thermally, since first cost, cost of upkeep, labor, cost of fuel, capac 
and the like must all be considered along with the thermal efficiency. 
controlling factor in the cost of the plant, that is, the number of be 
units that must be installed, regardless of the nature of the load, is 
capacity to carry the maximum peak loads. While each individual 
of plant operating conditions must be considered by itself, the follo 
statements give some idea of general practice: 
For a constant 24-hr. load, the operating capacity, to give the high 
overall plant economy, is from 25 to 75 per cent above that inciden 
maximum thermal efficiency. 
For the more or less constant 10- or 12-hr. a day load, where the bol 
are placed on bank at night, the point of maximum economy W 
somewhat higher, probably from 50 to 125 per cent above that ind 
to maximum thermal efficiency. 
The third class of load is the variable 94-hr. load found in central st 
work. 
Modern methods of handling loads of this description, to give the } 
operating results under different conditions of installation, are as folla 


2. The variation in the load on the plant is handled by varying th 
capacities at which a given number of boilers are run. At 1 nl " 
loads, the boilers are operated somewhat. below their rie Patt ner 
during peak loads, at their maximum capacity. The ability of tha oh i 
boiler to operate over wide ranges of capacities without appreci ble ‘ae 
in efficiency has made such a method practicable. eth <a 
8. The third method of handling the modern central station | d i 
perhaps, only practicable in large stations or groups of sinc hna a 
Mations. Under this method, the plant is divided into two part per 
may be considered the constant load of the system is cnet b ro 
portion of the plant, operating at its point of maximum econom er 
” tl ie possibility of very high overall efficiencies at high boiler cneten 
4 ew load is constant, where the grate and combustion chamber are 
:. s es 905 Sn ee at such capacities, and where 
the officiency, the capacity at lias eis wort ae eek % poe 
Hperated will be considerably abov ac “d od Peon te 
te steady 24-hr. load for boilers Ke I se oe 
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1. Théload on the plant at any time is carried by the minimum null 
lia. 66. Performance of Boiler and Furnace. 


of boilers that will supply the power necessary, operating these bo 
capacities of 150 to 250 per cent or more of their nurmal rating, 
boilers as are in service are operated continuously at these capaci 
variation in load being cared for by varying the number of boilers © 
line, starting up boilers from a banked condition during peak load p 
and banking them after such periods, This is, perhaps, at p 
moat general method of central station operation, 


variable portion of the load on 

blo | » los a plant so operated i i 
wil division of the plant, under either of the <a i” prin Wt 
- 8 of operation 
woblem involved in deeidin 

g whether to force boilers over th 

4 oo boilers may be analyzed as follows: Sappcact 

&, 66 are representative of the performance of the boilers in a 
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large central station and it is desired to establish a general relationship 
between economical forcing and banking hours. An inspection of the 


curves in Fig. 66 shows that the maximum thermal efficiency is at a steam- — 
ing rate of 40,000 lb. per hr., corresponding to 100 per cent rating. Sup- — 


pose, however, that a steaming rate of 70,000 lb. per hr., corresponding 
to 175 per cent rating, has been demonstrated to be the most economical 
and practical for operation through the day. (This point can be deter- 
mined only by actual operation, taking into consideration first cost, at- 
tendance and maintenance as well as thermal efficiency.) By forcing the 
boilers over the peak to a higher rate, the plant may be run with fewer 
boilers banked while operating on the day and night loads, thus saving 
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Fic. 67. Curve Showing Extra Coal Burned for Forcing and Banking. 


banking losses, but this gain is offset to a certain extent by the e 
amount of fuel required to maintain the higher ratings. Eviden 
there is a point at which the loss due to the extra fuel burned by for 
is equal to that gained in reducing the banking period. Referring 
Fig. 66, the line AA represents the amount of fuel burned at vari 
steamingkates on the supposition that the rate of fuel consumption 
175 per cent boiler rating is maintained throughout the entire range 
operation. The difference between the actual fuel consumption 
and the line AA represents the extra amount of fuel burned at any 
ticular load. Thus at 350 per cent rating the coal burned is 17,500 
per hr. as against 14,300 Ib. per hr. at 175 per cent rating, or 3200 Ib. 
hr. in excess of that required to operate two boilers at 175 per cent ra 
The diagonal lines in Fig. 67 represent the loss in pounds of coal ca 
by forcing different combinations of boilers above 175 per cent ra 
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the “forcing” line with the 
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order to carry the same load as this combination plus one more boiler, 
all boilers in the latter combination operating at 175 per cent rating. 
Thus, one boiler at 350 per cent rating generates the same quantity of 
steam as two boilers at 175 per cent rating and burns 3200 lb. per hr. 
more coal than the latter combination; two boilers at 262.5 per cent 
rating have the same capacity as three boilers at 175 per cent and burn. 
1550 Ib. per hr. more coal than the latter combination; three boilers at 
233.3 per cent have the same steaming capacity as four boilers at 175 
per cent and burn 1137 lb. per hr. more coal than the latter combination; 
andsoon. Line BB, Fig: 67, represents the weight of banking coal burned 
by one boiler for the period indicated and is based on the assumption 
(hat the coal burned in bank- 
lng is at the rate of 200 lb. 
per hr. The intersection of 











"banking ” line is the point 
i which the extra coal for 
forcing is equal to that 
burned in banking. The 
fiirve in Tigh 68 is obtained 
hy plotting the hours, as 
found froyn the point of inter- 
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‘ 2 Fig. 68. Curves Showing the Limit of Econo- 
‘ig. 67, against the mical Forcing. 























. This curve shows the limit of forcing beyond which the losses 
enter than the gains. For example, the boilers should not be oper- 
above 350 per cent rating for more than 1.4 hr., or above 300 per 
rating for 2 hr., and so on. No provision has been made for furnace 
intenance, which at very high ratings may be excessive. This may 


» ineluded by allowing an additional weight of fuel for forcing to com- 
enente for the extra cost of maintenance. The curve in Fig. 68 is not 
eweral and is applicable only to the specific case under consideration; 
lie method, however, is general. 


Peeent Day Boiler Room Operation: I. E. Moultrop and R. E. Dillon, ye Mar. 


7, 100%, p, 384. 


Nefnements of Practice in Modern Power Plants: 1. L. Kentish-Rankin. Power 


Pint Wagincering, Oct. 15, 1921, p. 988. 


PH iheiont Operation of the Boiler Plant: J. D. Morgan, Power, June 15, 1920, p. 957. 
Development \, Power from the Standpoint of the Boiler Room: C. F. Hirshfeld, Power, 
284. 


M4, Selection of Type. — Boilers constructed by builders of good repute 
usually designed for safety, durability, and capacity, and rigid 
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specifications and inspection of material and workmanship on the part 
of the purchaser are ordinarily not neecssary, as the makers’ reputa- 
tions are sufficient guarantee of their worth. Marked departure from 
standard designs must necessarily be specified, and must comply with 
the state and community boiler laws and insurance requirements; but 
in most cases instructions are limited to. the working pressure, extent of 
heating and grate surface, the character of the furnace, and arrangement 
of setting. Numerous tests on various types of boilers show practically 
the same efficiency provided the furnaces and boilers are properly designed, 
so that the relative merits may be considered with reference to (1) dur 
bility; (2) accessibility for repairs; (3) facility for cleaning and inspection; 
(4) space requirements; (5) adaptability to the typ of furnace and stoker 
desired; (6) overload capacity; and (7) cost of bal 
rated capacities above 200 hp. and pressures above 150 Ib. per sq. in. or 
more, the water-tube or some form of internally fired. boiler in which t 
shell plates are not exposed to the high temperature of the furnace i 
considered safer than the horizontal tubular boiler, because the she 
plates and the seams of the latter must be of considera‘le thickness i 
the larger units, and being exposed to. the hottest part of the fire a 
likely to give trouble, especially if the water contains scale or sedimen 
forming elements. In the modern central station, steam }Tressures 0 
275 to 350 Ib. per sq. in. are standard practice. In a few recent install 
tions, a pressure of 550 lb. has been specified, and at least two plan 
have placed orders for boilers to operate at 1200 lb. gage. (See pai 
graphs 183 and 214 for a discussion of high pressures.) Return-twb 
and stationary locomotive boilers are seldom made in sizes over 250 h 
and hence are not to be considered for large units. For sizes under 200) 
(78-in. by 20-ft.), the return-tubular boiler is most commonly. installe 
unless high pressure and low head-room is essential, in which case t 
internally fired Scotch-marine boiler or a cross-drum type of water-tu 
boiler, such as the Burton, is used. The water-tube boiler is usually e 
ployed in large central stations for high-pressure units of 200 to 3000 hp 
The particular type of water-tube boiler is to some extent a matter o 
personal taste on the part of the engineer, but due consideration should 
be given to the special requirements as listed above. For small powers 
and for intermittent operation, small vertical or horizontal fire-box boilers 
have the advantage of low first cost. The small air leakage and radiation 
losses give internally-fired boilers an advantage over the brick-set ex- 
ternally-fired fire-tube or water-tube types, but this is partly offset by 
the greater extent of regenerative surface in the setting of the latter. In 
several recent installations, the brick settings are completely encased in 
ateol; and a layer of high-grade insulating material is placed between th 


brickwork and the casing. This reduces the leakage and radiation losses 
(o a minimum, and the setting remains effective over a long period of time 
Internally-fired boilers are more expensive than the externally fre) 
though the extra cost of setting and foundation in the latter may tifa 
the total cost of the entire equipment to practically the same fi wei 
Internally-fired boilers above 300 hp. rated capacity are not sire ths 
fvidence in stationary plants. The design and installation of the boilers 
eli should be left at the outset to a capable engineer. 
apis request the following information from intending 
|, The kind of fuel to be burned. 

¥. ‘The type of furnace or stoker. 

i, Head room. 

4, Steam pressure and superheat desired. 

4, The quantity of steam demanded. 

i, ‘The nature and intensity of draft. 

¥, Quality of feedwater. 

4 Class of labor procurable. 

0 Characteristic load of plant. 


w Nelection of Size. — The most economical size of individual boiler 
for any plant is dependent primarily upon the maximum steam 
Wirements and character of the load. The load curve for manufactur 
planta may be predetermined with a fair degree of accuracy per 
jower and steam demands for various purposes may be readiy. segre- 
1 and analyzed ; but with public utility concerns and certain aes 
leolated stations the problem is largely a matter of experience and 
ent, The load curve should include not only the average yearl 
, Wit also the maximum daily load which is likely to occur the mini. 
tnily load, temporary peak loads, and probable future increase 
tal ounon the general characteristics of the load curves are based 
thone of similar plants having comparable. conditions of operation 
the magnitude of the load is calculated from the power and otesige 
onenta of the particular plant under analysis. As water rates of 
itt and various auxiliaries may be obtained from the manu- 
fe, the steam consumption at vari ih 
from the assumed load riliialidecbiestion:’ manartetearbie ry 
{he aleam requirements known, the next step is the determination 
Hiinber and size of boiler units to be installed. In the first place 
ii & plant should be of the same size and type if possible td 
formity of equipment and operating methods. Thermal ef- 
are usually higher, labor costs lower, and first cost of the entire 
pment lows for a few large boiler units than for a number of 
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{ ity; refore, the units should h ator capacity ranged from 3 to 1, to 5 to 1; but, in the very latest 
small units of sp wg wean Se des bi size a the plant and ope igs, individual boiler units of less than 15,000 sq. ft. of heating surface 
the largest possible Be ceca requirements should be divided am weldom installed, and the ratios of water-heating surface to kilowatts 
ing conditions, and + 1930 roper flexibility of load and insurance aga Wiwtalled generator capacity range from 1.2 to 1, to 2.5 to 1. 
such a number we wis pee 4 boilers have to be shut down at time M™, Holler Accessories. — All steam boilers must be protected by safety 
interruption of s a 7 #04 standby units or “ spares” are usi | relief valves, and by such indicating and controlling devices as 
allow for cleaning a pas ia the others are out of service. N! insure their safe operation. Such devices, including appliances or 
necessary to carry the "4 i 500 to 2500 hp. with fairly good fuel & fw which are either intimately connected with 
In the average a} ” : as dinarily installed, two to carry the hwiler structure or with the work of boiler opera- 
feedwater, three boi ase but where frequent cleaning is neee iu maintenance, are commonly designated as 
and one to stand in oe . essential, two spares may prove #6il : fccessories. The design and installation of the 
and continuity of songs cae sadiiviads the boiler plant is ust \iportant safety devices are controlled by law and 
better investment. t r anal system, each panel serving one prime mo Hien requirements. Considering the fact that the 
laid out on the unit or 8 20 ei 6 to 10 boilers, including spares, 6 MW. Boiler Code has already been adopted by a 
In the older designs, each pi «s connected; but in the very latest de her of states and no doubt will eventually supersede 
though the sections at tr eeras ve prea unit and there are no 8p Wher, except perhaps those under federal control, 
there are but “ee ok ae ‘ven to the one-turbine one-boiler idea, } the devices and installations recommended by the 
Some attention as be fi t and piping design and reducing boile Will be discussed. . 
view toward simplifying plant and piping ait . Riv Valves. Se h 316 Fic. 69. Simple 
uch installation has been made in large y Valves. See paragrap A he ., Water Column. 
labor, but as yet no s . Water Gages. — The water level in a boiler is 
stations. ‘cal size and number for an assumed set of ope Hy lnclionted either by a gage glass, by try cocks, or both, connected 
The most paper a oe ed only by considering the various inf directly to the boiler as in Fig. 1, or to a water column 
conditions can be Oe car cenriabies of the individual boiler units # or combination as in Fig. 69. Water gages and water 
factors, such as load c ce, and nature of the total plant load. columns should be so located that the normal water 
selves, first cost, ee of usually warrant the installation of level is near the center of the gage or column. The 
peak oF yagi es eo racteristics, while uniform loads are h upper try cock should be located at the highest. per- 
units with heavy aaa aeee “ gcriemcs of units operating near missible water level and the lower one at the lowest 
more economically byes o etna It should be borne in mind level, and the position of the middle cock should corre- 
point of 3 yg oe t ee ae aati only with the best of fi spond to normal water level. In the simple water 
eatremely high bower rate Meee and first class supervision, and since column illustrated in Fig. 69, the gage glass connec- 
constructions, giarhioge “Hes d in any but the largest plants, it is better, tions are fitted with simple stop valves for shutting 
ms are ‘ f . oil py : ; 
Eo a. to err in installing too many units than in attempting to ; ( off the steam or water in case the glass is broken. 





A ts at continuous overloads. © stuey In high boilers the water-gage valves are usually of 
numba rie x stallion shows that fewer boilers are Wa the quick-closing type, Fig. 70, which may be operated 
pai Be Mag the same conditions, owing to better f Joh Cl. [tom the boiler room level by means of a chain at- 
stalle an forme \ e 

i i f handling fuel, and provis 
construction, improved methods o a 
rificati f the great number of varia 
feedwater purification. Because o a ot Se 
i ‘oble determining the number and size 
ing into the problem of acpenpalaye an 
a given maximum capacity, general rule 
pd ae rough approximations. In central mpetion crerias ae § 
ago, boiler units of more than 10,000 aq, ft, of heating ie mee . 
exceptional, and the ratios of water-hoating surface to kilowa 


wre similarly operated by chains and are automatic. 
in closing (see Pig. 71). Certain types of automatic 
valves for automatically cutting off the water or steam supply 
tlum breaks are permitted by the A.S.M.E. Code, but 
ft common, Water columns fitted with hand-operated 
‘should be “blown out” periodically to remove any sedi- 


(iy tached to the valve stem. Try cocks for high boilers _ 
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mental deposits. By connecting the drain opening directly with lo 
column connection, the drain cock may be dispensed with and sedin 
will not lodge in the bottom of the glass. This system of drainage 
common practice. Water columns are frequently fitted with floa 
trolled whistles, as illustrated in 
72. These alarms automatically 
a warning signal when the Wi 
level is too high or too low. © 
stead of a whistle, the floats 
actuate an electric circuit whie 
Fia. 71. Self-closing Gage Cock. turn may light a lamp, ring a b 
buzzer, or record the time of ope 
onachart. Water columns are usually connected to the boiler without 
off valves, but if such valves are used the A.S.M.E. 
Code prescribes that ‘they shall be either outside- 
screw and yoke-gate valves (see paragraph 310), or 
stop cocks which have levers permanently fastened 
thereto, and such valves or cocks shall be locked 
or sealed open.” The Code also stipulates that the 
piping between water column and the boiler shall 
have no outlet connections except for damper regu- 
Jator, feedwater regulator, drains or steam gages. 
88. Fusible or Safety Plugs. — Fusible or safety 
plugs, as illustrated in Fig. 73, are brass plugs 
provided with a fusible metal core. They are in- 
serted in the shell or tubes at the lowest permissible 
water line. When they are covered by water the 
heat is conducted away sufficiently fast to keep the 
temperature below the fusing point, but when they floor in the rear wall of 
are uncovered the low conductivity of the steam Maral potting. Where boilers are 
prevents the rapid withdrawal of heat, whereupon Alera irl in batteries, the bat- 
the alloy melts and the blast of escaping steam gives iiy have a common 
warning. The melting point of fusible metals being sometimes une | for the blow-off pipes. 
plugs ove Hloweolf pipes are fre- 
blow out withe Hily cischarged into the 
parent cause ai, but this is not per- 
other times fail le In large cities, nor is 
Z when pei & - to ee ca into the sewer. In this case, the water and 
: heated, Tusibl i) tay be discharged into a blow-off ¢; ‘ . 
Pin. 72. Types of may be a hefore delivery to the sewer, Bee eo oad ee 


rectly to the boiler heating surface or in a fitting attached to blows are oecasionally installed to remove scum, grease, and 


Wiends where they should be inserted in the various types of boilers. 






































Yi, Blow-off Tank and 
Connections. 


fit (he pipe from the direct 
ii of the heated gases by 
of a V-shaped brick pier 
jii# casy examinations of 
Wlow-off through the clean- 
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Fia. 76. Skimmer — Floating Type. 
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The A.S.M.E. Code considers only the directly attached plugs and recom- 


i. Blow-offs. — Boilers must be provided with blow-off pipes for 
Hwining off the water and for discharging sediment and scale-formin 
Merial. The “bottom blow” is ordinarily an extra heavy pipe of 
\twble diameter connected to the mud drum or to the lowest part of the 





iy wd fitted with two valves or cocks, or a valve and cock (see para- 
yh) 415). The generally approved method of arranging the blow-off 
for « return-tubular boiler is shown in Fig. 117. This method of pro- 


et cr voted te may be shut off when the phi oY wuspended particles of dirt in small plants where the water is | 
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tiaphragm in chamber B, which in turn moves the damper through the 
fgency of weighed lever £. 

Dampers similar to those just described are satisfactory where there 
ive no sudden variations in steam pressure, but, where such changes 
four, the damper is apt to be shifted from “wide open” to “ shut,” 
fmulting in a continued “ hunting ” action between fluctuation in steam 
jewsure and damper movement. In the latest designs this hunting 
Wiklion is avoided by moving the damper in graduated steps and by effect- 
ti « delayed action between each step. Among the latter may be men- 
jiod the McDonaugh, Ruggles-Klingemann and the National. When 
rectly adjusted and given proper attention, automatic dampers of the 
(luated-step type result in satisfactory fuel savings over hand control. 
I the modern stoker-fired plants with natural or induced draft, the 
wement of the damper is coordinated with the control of the stoker 
| fan engines., See paragraph 161. 

Hi, Soot Blowers, Tube Cleaners, ete. — Aside from the assurance against 
Miing out of tubes due to the accumulation of scale, the maintenance 
lean heating surfaces is one of the most important problems in con- 
lion with recent developments toward higher boiler ratings and in 
Operation of large boiler units. Efficiency and capacity depend to a 
fer extent upon cleanliness (both internal and external) of the heat- 
furfaces than is ordinarily realized. Soot is an excellent heat-insulat-— 
fwterial, and consequently any appreciable deposit on the heating 
fen will reduce the rate of heat absorption and result in high flue- 
temperatures. The gain effected in economy and capacity by the re- 
i of soot varies with depth, extent, and nature of the deposit and 
the rate of driving. No modern plant is operated without periodic- 
fMimoving this deposit. 
ifieon exposed to the action of the products of combustion are cus- 
fily freed from soot and clinkers by steam lances, soot blowers in- 
ated within the setting, brushes, scrapers, and similar appliances. 
1, loeculent soot is conveniently removed at regular intervals by means 
hwnd-operated steam lance with which all surfaces are reached and 
‘loan, Under certain conditions more economical results are ob- 
| by permanently installed soot blowers. (See Figs. 79 and 80.) 
Hneiet Of a series of pipes and nozzles, the latter stationary or re- 
#, located so that all parts of the heating surface subjected to soot 
t tiny be swept with a jet of steam. In the older designs, individual 
witrolled valves are placed in the pipe branches leading to the ° 
element; in some of the more recent designs the valves are in- 
Hed in the head of the element so that manipulation of the chain 
closes the valves, Electric control and electric operation of 


particularly bad. The bell-mouthed shape shown in Fig. 75 perm 
the skimmer to accommodate itself to varying water levels. Skimmers 
sometimes provided with a flexible jointed float, Fig. 76. : 
90. Damper Regulators. — In hand-fired natural-draft furnaces, 1 
amount of air admitted to the furnace and amount of flue gas passing 
the stack is usually controlled by the boiler or stack damper. 
control may be manual or automatic. There are countless autom 
damper regulators on the market, and practically all 1 
pressure heating boilers are equipped with such 
pliances. In high-pressure installations, however, ma 
control is the more common and automatic control 
exception. The majority of damper regulators for ha 
fired, natural-draft boilers depend upon variation in st 
pressure as the primary control. The difference in Pp 
sure may act directly upon a steam piston to which 
damper is connected by suitable linkage, or it 
actuate a relay system so that the movement of 
damper is effected by compressed air, by water wi 
pressure, or by an electric motor. Low-pressure 
lators consist usually of a flat or sylphon diaph 
Fic. 77. Typical with direct boiler pressure on one side and the d 
Steam-actuated linkage on the other. High-pressure regulato 
Damper Regu- either of the direct-pressure type or of the | 
lator. type. . 
Figure 77 shows a section through the simplest form of the high-p 
direct-steam-actuated type. The device is connected directly 
boiler by pipe A. The pressure on piston B is balanced by spri 
under normal conditions of operation. f 
Any variation from the normal steam 
pressure will cause the rod F to move 
up or down so that the damper 1s 
opened or closed in proportion to the ¢ 
change in pressure. The chamber N {¥) 
is separate from chamber M so that Fra. 78. ‘Typical Hydraulic Di 
steam cannot come into contact with Regulator. 
the spring. Piston D acts as a guide 
and prevents sudden movements of the main actuating piston, 
Figure 78 illustrates a typical mechanism of the indireet type, — 
boiler pressure acting at all times on the diaphragm A raises or le 
weight W attached to arm D according to the increase or dee 
pressure, Arm D actuates a small valve V, which controls a su, 
water under pressure to chamber B, Tho water pressure acts 
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the individual heads by means of small motors is also in evidence in some 
i! our latest stations. A soot blower is considerably superior to a hand 
lanvo from a safety standpoint. For steam consumption of soot blowers, 
f paragraph 60. With certain grades of coal under heavy furnace 
Mpucity, the particles of ash and slag carried along with the products of 
Hbustion are in a plastic state and adhere to the two or three lower 
lw, The accumulation may eventually result in a complete choking * 
yj) of the gas passages. Blowing by hand lances and machine blowing 
lees will not remove the accumulation, and dislodging the deposit 
th pokers, after the furnace has been partially cooled, appears to be 
Maly practical solution of the problem. 


fie 
15 
& 
£4 


Eb The question of preventing the formation of scale by purification of 
Ei fedwater and the loss in heat transmission due to scale deposit is 
- tel at length in Chapter XIII. In the average plant, furnished 
fommercially good feedwater, it is a common practice to allow 

to deposit for a limited period of time and then remove it mechanic- 


iy tube cleaners and scrapers. The principles of construction of 
tleviees vary widely according to the types of boilers in which they 
ter, and depend upon the nature of the duty which they must per- 
_ Mechanical tube cleaners may be conveniently divided into two 





Those which loosen the scale by a series of rapid hammer blows, 
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Miu, 81, Mechanical Tube Cleaner — Hammer Type. 
we Which cut out the seale by a revolving tool, Fig. 82. 
mer device is applicable to either the water or fire-tube type 
iil the revolving cutter is applicable to the water-tube only. 
| wiv, water under pressure, or steam may be used as the motive 
rine clonners, and steam or air for hammer cleaners. Water 


the moat convenient for the turbine type, but air increases 
y of the cutter and is finding favor with many engineers. 

0 im 81, the hammer head J is given a rapid motion, which 
M00 vibrations per minute, and subjects the tube to repeated 


cae A in tant ns = ati 
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Coal analysis (as fired): moisture 8 per cent; ash 12 per cent; B.t.u. per Ib. 12,100. 
Weight per hr.; water fed to boiler, 32,000 lb.; coal 4000 Ib.; dry refuse removed 
from ashpit, 720 Ib. 


i i le and jarring it loose from d 

by cracking the brittle sca | : 
ei a the tube. The cleaner head is attached iyi a 

ies fis sufficient length to enable it to be ‘iene Hpi aoa 

i the hammer 1s apt 

less carefully manipulated, : ) 

ee catia it to a larger diameter and the Leven may ¢ 

das where the tubes are expanded adh cineons aes ane - 

i tters are made in many igns, 7 

= ig particular device illustrated in Fig. 82 is of the hydra . 


‘Temperatures: flue gas, 480 deg. fahr.; feedwater, 160 deg. fahr. ; boiler room, 80 
tly, fahr.; relative humidity, 50 per cent. 


l’rossures: steam pressure, 125-lb. gage; barometer, 29.0 in., superheat, 100 deg. fahr. 
juired: 


#, l’actor of evaporation. 
h, 1, hp. developed. 













. ® Ver cent of builder’s rating developed (builder’s rating = 10 sq. ft. of heating 
driven type. A high fe per b. hp. 
Outside Case Rear Bushing Cap for Remow™s Of rotation is imparted i, livaporation Ib. per Ib. of coal as fired: 
rv Arm ouplin; 
Cutte oes ) Paddle Noe cutter head by a small pi 


i oY Ye» 


ITLL WOLLILLILED, 





(1) Actual 


wheel or turbine located: (2) Equivalent 


indicated. The cutters 
the scale into small piece 








—S=————— 
VALI V7 


YN 


Front Bushing \|S WIKRE KX oupling 





# lvaporation Ib. per Ib. of dry coal: 





(1) Actual 
‘. Lie 1 Rear Di: : J 4 
i ic = Miuhing Caters nside Case rieorand Genter batt =the stream of air flowing (2) Equivalent 
Cutter Screw Pin 
Fra. 82. Mechanical Tube Cleaner — Cutter 


the turbine envelops the 
ters, keeps their edges” 
and washes away the scale as fast as it is detached. Dan 
cutter wheels are furnished with each cleaner so as . “ e. al 
to all kinds of scale formations. In well setmert —_ ee 
i i it to a thic 

le is not’ permitted to deposi 
mgr are an inch. Small-sized tube cleaners for superhea’ 
frequently operated by compressed air. 


i ilers: Aug. 27, 1918, p. 305. 
om Fire-tube Boilers: Power, 
reskecarape taint Soot Blowers: Power Plant Engrg., Nov. 1, 19238, 


h vaporation Ib. per lb. of combustible: 
Type. (1) Actual 


(2) Equivalent 


Nquivalent evaporation Ib. per Ib. of combustible burned. 
, lyaporation Ib. per sq. ft. of heating surface. 

(1) Actual 

(¥) Equivalent 


(1) No, of 1000 B.t.u. absorbed per hr. per sq. ft. of heating surface. 


fombustion space per Ib. coal as fired per hr., cu. ft. 
Heat value of the combustible as fired, B.t.u. per lb. 
Heat value of the combustible as burned. 


PMileney of the boiler, furnace, superheater, and grate, per cent. 


ROBLEMS _ Miielency on the combustible basis, per cent. 
P 


iken during the test outlined in Problem 5: 
5 ib abs ba ‘ome 
- G . p sur 


: ary to furnish a 50-hp, engi fialyaia, per cent by volume: CO,, 14.19; CO, 1.42; O, 3.54; N, 80.85; 
feedwater, 82 deg. fahr. meray = hp. necessary a , ge se 8 eter ane . 

ne a ig ee ong Rat and peer are ome a ae Pie thon 06, hydrogen 5, nitrogen 1, oxygen 8, moisture 8, ash 12. 

rated load; initial pressure 260 Ib. 24 oe a turbine and auxiliaries wit ; ulate on the coal as fired basis: 

fahr. Required the b. me agent cent rating when supplying the turbine M “oon ine balance. 

* 4 eel she ides i“ kw. turbine rating to b. hp. Seliger cant 
iaribs, re : 


rature 

3. A boiler evaporates 90,000 Ib. of water i a me 0 oat. 
deg, fahr. to ateam at 300 Ib. a. avenge ne ome heat 

i to 200 per cent rating when aie me 
tasty eT Pooley assuming that the normal aig pie 
0 of $.46 Ib, water from and at 212 deg. fahr. per s a ae ae 
sora 10 0. ft, of heating surface per yee? b, AB = abe ,, 

tormine the factor of evaporation Tor , 
H the following data were taken from hoiler <a =I vie 
Hloating surface, 8000 aq. ft; grate wurface, 160 aq. ft; umace ) 
¥ 


1)) lor cent of available heat utilized. 


WH thw fuel, analysis as in Problem 22, cost $6.00 per ton, determine the fuel cost 
Mili 1000 Tb, water from and at 212 deg, fahr, 

® feet of an oil-fired furnace gave an actual evaporation of 13 lb. water per Ib. 

1) holler, furnace, and superheater efficiency of 80 per cent; boiler pressure 200 


Miperheat 100 dog. fahr., feedwater temperature 162 deg. fahr. Required the 
we of the fuel, 
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scrabte Magi esierseibd ous padaetry ihqustadenay ace 
B clightest “absorption ‘of theut We ss producing liquefaction, whereas 
wition. If superheat is high eno Bit mr ae premier igi. 
hy the cylinder walls but oe the! h > tae 4 seh erty pene 
Pxpansion, the steam will be dry seh samennnld of ance iebaeetes 7 
According to Ripper (“Steam Engine Theory,” 185); "tebe 

Mndition of maximum efficiency in a single cyli ies WPereitboe, 
Melprocating steam engines oud tie gehen oe aad ae - 
Miiviency when the ened sho d sa fi ou acpi ital 
hr. Long observations on ste bh ecipita na Men tng Pics a deg. 
Fe es gril cm ‘hertng show that in order to obtain dry 
effects ultimate economy in nearly all cases. Higher superheats reqt Sivon the total pi oe d Maps 4 Se me between 11/2 and 21/2 
specially designed equipment. Practically all modern central t erated with pierincttin ats A en “t WAG DORE e- tie pancrny hts: 
generator stations and large isolated piston-engine plants are desi Siieam. and the ratio Ege soci ime pene in ial VORrerts ot 
for superheated steam. No general rules can be drawn as to the ex’ Mtood the .tanebcatir di de Under lem erature drop,” is 
of the saving made, because of the great number of variable factors @ ist steam a poi - TPR between the live steam and the 
ing into the problem. Each installation must be considered by Required a eo ; rye ea , the higher the degree of super- 
and due consideration given to such items as the type and size of il re oe * of not less than 250 deg. fahr. at admission 
movers, character of service, nature and cost of fuel, piping, first Hing off at Pili 5589 : Ai ha Peed ya the average single cylinder 
upkeep and the like. The logical procedure is to determine the RPE “aig is . Pa hie boiler pressure of 100 Ib. gage. 
in fuel regardless of other factors and then deduct the extra expen leis who the Aes we ees pig frequently show superheat in 
to first cost and upkeep. The resulting net gain or loss will show wh eduction mye ee are eat is only 100 deg. fahr. There will 
or not the use of superheat is advisable. tw 10 deg. of peti sr pix E per cent in cylinder condensation for 

Fa . urope it is common practice to super- 


CHAPTER V 
SUPERHEATERS 


92. Advantages of Superheating. — That superheated steam resul 
ultimate plant economy is evidenced by the fact that the largest and m 
economical plants in the world are equipped with superheaters. A lim 
amount of superheat can be used with practically any equipment, @ 


Theoretically, all types of steam-driven prime movers show inor® is steam, between,-eack: ste. of, compound, and. tuol ; 

heat efficiency with superheated steam, but the gain is usually less Sigs this dagktns te ti9h coaraity. ihomed.ie riple RN hdiy 
. . . . . J , ‘ > in 

that actually realized in the commercial mechanism. — Aside from i Meeons tuvdisnt. a idaeatsonune. corti pcb } Foy 

gain in the prime mover, there is the possible added efficiency in the t Riiesssure anf initiel teneratuze.of 70. dag, fakin 19 pee tae 


plant. It is true that the heat required to superheat steam is f 
by the fuel, and when a definite weight. is superheated an added 
of fuel must be burned; but with a properly designed superheater in 
with the boiler, the overall efficiency of boiler and superheater is 
somewhat higher than if saturated steam alone were generated, 
the added amount of fuel is less than the heat gained by the stean 
addition to the thermal gain in the prime mover and boiler, there m 
a reduction in heat losses in the piping system because smaller pip 
be used and because superheated steam gives up heat less rapidly th 
wet steam.! Furthermore, the increased economy of the prime 
may permit a reduction in the size of boilers, condensers, and oth 


iliary apparatus. 
At high temperatures superheated steam behaves like a gas 


1 Lower Line Lowses with Superheated Steam: Power, Aug 7, 1923, p. 2 
182 


Hperated in the Weymouth station of the Edison Electric Illuminating 
ioaton, Mass. The exhaust from this unit is to be reheated to 750 
fic diseharged at 300 lb. pressure into the steam mains which suppl 

ive lurbines at the station. v 
‘ water rate of the steam turbine is decreased by superheating, but 
lon oxtent than that of the piston engine. Theoretically the im- 
Peient in steam economy is the same for both types of prime movers 

ie and temperature ranges being the ‘same in each case, but in 
jwactice the gain is more pronounced with the piston snake This 
fo the fact that with reciprocating engines the live steam entering 
jiler comes in contact with cylinder walls which were previously 
fe 4 rowult of heat being abstracted in the re-evaporation of moisture 
exhaust steam, This results in condensation losses when the live 
not superheated, With superheated steam, the condensation 
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and re-evaporation losses are eliminated, or at least considerably reduce 
In general, the less economical the steam motor, the more is the g 
effected by superheating. Aside from the gain in heat efficiency, the 


European builders guarantee steam consumption with highly super- 
heated steam (total temperatures 750 to 850 deg. fahr.), as follows: 


of superheated steam benefits the turbine by reducing erosion of fi Poy 
blades and by lowering skin friction and windage. The fact that neal bee 

all modern steam turbine plants are operated with superheated steam ; ! ( f 
; . . 4 y Mngle-cylinder condensing engines (uniflow).............. 8.5 
evidence that superheating results in ultimate plant economy. Whi Ninglo-cylinder non-condensing engines (uniflow)...............2.....] 12.0 
it becomes necessary, particularly with old boilers, to reduce the operat Bpmpound condensing engines (locomobile)............-. +60 0s0s2 00s 8.0 
ompound non-condensing engines (locomobile)..................... 10.5 


pressure, with a consequent decrease in plant capacity, the applicat 
of superheat to such boilers will enable them to meet the power dem 
of the plant at the reduced pressure. In most cases, superheating 
provide additional reserve power over that of the plant before the pres 
was reduced. _ 
Industrial Uses of Superheated Steam: Trans. A.S.H. & V.E., Vol. 25, 1919, p. 


. 


An exceptionally low steam consumption is credited to a tandem com- 
ind using steam superheated to 815 deg. fahr. at an initial pressure of 
4 lb. abs. When exhausting against an abs. back pressure of 0.7 lb., 
the ateam consumption was 5.12 Ib. per i.hp-hr., corresponding to a thermal 
Milvioncy of approximately 30 per cent. (Power, Feb. 7, 1922, p. 219.) 
Ii) high-pressure steam turbines, the water rate is improved approxi- 
Walely | per cent for every 8 to 12 deg. fahr. superheat, the higher rate 
Wilding for about 50 deg. superheat and the lower for about 200 deg. It 
ifficult to estimate the actual gain in heat economy due to super- 
{in in very large turbines, since they are not designed for saturated 
i) and tests with the latter do not offer a true comparison. In a 
wal way the average reduction in steam consumption for these large 
iis in about 1 per cent for every 10 deg. fahr. increase in superheat. 
1) eomparing the performance of engines and turbines using saturated 
iii, it is advisable to base all results on the heat consumed per unit 
jul rather than on the steam consumption, since the latter is apt to 
a falee idea of the relative economies. The real measure of economy 
onl of producing power, taking into consideration all charges, fixed 


93. Economy of Superheat. — Many comparative tests of engines | 
turbines using saturated and superheated steam, under varying condit 
of pressure and temperature, have been made during the past few 
showing in all cases decreased steam consumption due to supert 
Substantial ultimate gains are effected with moderately superhea 
steam, but in view of the still greater economies possible with h 
superheated steam, with little additional cost for equipment, it is ad 
to use the highest superheat which plant conditions permit. In m 
new plants, particularly those of larger capacity, 250 to 300 deg. fah 
superheat are being used successfully. The first cost is not exee 
repairs are moderate; and the life of the installation is all that can be de 

As far as steam consumption per hp-hr. is concerned, superhea 
usually increases the economy of the piston engine from 5 to 15 per 


and in some instances as much as 40, the latter figure referring to the ti Hperating, and the next best is the coal consumption per unit output; 
wasteful types. A fair estimate of the comparative ranges in steam @ ‘e 4 means of comparing the motors only, the heat consumption siby 
sumption of various types of prime movers using saturated steam, | Milpul is very satisfactory. 
steam superheated 100 and 200 deg. fahr., is given in the following jaragraph 186 for the influence of superheat on the economy. of 
otal jooating engines, and paragraph 214 for the influence on steam 
sumption (Per Con Hen 


Over Saturated : 
Limit of Superheat. — In this country, steam temperatures of 600 


ty (50 dog. fahr. are common on locomotives. These temperatures 
win used also in many stationary plants of large capacity. In 
of moderate size, and especially those which are converted from 
“| lo superheated steam, it is advisable to use the maximum 
{ which existing conditions allow, and which good engineering 
‘ivtates as being safe. While, heretofore, moderate superheat 
sonaldered satisfactory, the cost of fuel necessitates the utmost 
iy, wnd higher superheat should be used wherever possible to effect 


Type of Engine 


100 Dog. 
Superheat 





Fe ae ee 


Simple, non-condensing... .........+++ereseee eres rere eee eeees 
Compound, non-condensing 
GCONGONSING. 0... cerercnseccnseerpenernrensvees 
Triple, sondenaing Be ss ve a caatt RMR DT RIAD Multia’ Ares 
Turbine, NONGONAONAING....... 6.0 cr eee eeree renee ee eere res 
GOMNGONAING. 6. cscs ccc cseneveeneeesapneneeeeeeperes - &1 
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(a) Independently fired, and 
(b) Integrally built i i 
ee y superheaters, which are installed within the boiler 
The independently fired su i i 
perheater is not widely used i i 
\ ) ‘ he re economy effected in fuel when compared with shal ee 
me be use of the integrally built type. However, there are kel 
og where it is convenient and advisable to use thein depend nity 
(| superheater. For example, it may be desirable to Ati aut 
7 yunt of steam superheated to a high degree. Where Bencidy iW 
, - ee are available, the independently fired cabebsiaael - 
, be pre a5 hes general, the independently fired vapschiaae 
7 pecial and limited uses. The integrally bui 
tity be located in the furnace i i Sheicitd ea eae 
, as in Fig. 94, at the end i 
Hirface as in Fig. 97, or at some i Lelie ‘Mae a 
, termediate point, as in Fi 
plese , e in point, as in Figs. 86 and 89 
f ption of heat depends chiefl 
a es efly upon the average temperature 
gases and the steam and the extent i 
_ of su 
Hirface, the required degree of superheat may be obtained nee aa 


economy. In Europe, few if any plants are installed without superheaters 
and 700 deg. is a common temperature, with a maximum of about 89 
deg. There is no particular mechanical difficulty in designing pow 
plant apparatus to withstand temperatures as high as 850 deg. fahr., am 
for industrial purposes still higher steam temperatures are often usé 
In general, it may be said that each case should be considered in all i 
details before a decision is reached relative to the most advantage 
superheat temperature to be used. 

Experience has shown that with engines of ordinary design, slide-val 
and Corliss, the temperature at the throttle should not exceed 500 de 
fahr. This corresponds to a superheat of 160 deg. with steam at 100 
gage pressure, and 130 deg. at 150 lb. This degree of superheat insul 
practically dry steam at cut-off in the better grade of engines. Just h 
far superheating can be carried with a given engine of ordinary constr 
tion can be determined by experiment only, but a temperature of 500 a 
is probably an outside figure and 450 deg. a good average. Higher t 
peratures are apt to interfere with lubrication and sometimes cause V n 


ing of the valves. With temperatures below 450 deg., no difficulties | tent of heating surface in the furnace, a lar ; 

ordinarily encountered. : A ) (ting surface, or a proportionate ainoont re dali ‘ a as ee 

With highly superheated steam involving temperatures of 600 d H Weneral sense, the sum of the boiler heating surfa A ‘ pai - 
ce and superheating 


- of. b.hp. wi ome the same for any degree of superheat 
cost, of a superheated steam boiler is a i 
, t pproximately equal to th 
fi miturated steam boiler, since the s Pippin 
te uperheated plant has 1 
wate, The requirements of a succe “aes 
| he. lui ssful superheater are: (1 i 
hata or minimum danger of overheating; (2) pan oe 
om =e ag. of the boiler; (3) economical use of heat applied; (4) 
- Se ie ia (5) provision for cutting out suparleeaten 
erfering with the operati ; isi 
ie tubes free from soot fis st 3 The oct hos on aa 
Piijperheaters may be separatel ire i 
) y fired or indirectly fired. T 
“ } of the separately fired superheater are a tellih a Bat 
e° os _ may be varied independently of the psitormiaidn of 
or, (i! e superheater may be pl i 
oor lita A placed at an i 
Hopnire are readily made without shutting down the i pars 
bape, are some of the disadvantages: (1) Superheater requi 
Ale attention, (2) Saturated steam only can be furnished pens 
overs in case of a breakdown of the 
| oe » superheater. Thi 
jimed by arranging the superheater in two sections, so this cate 
' _— in shut down the entire amount of steam pre be sent pe res 
“a on, ‘The superheat is then somewhat lower, and the pressu 
ough the superheater correspondingly higher. (3) Exton iping 
red, (4) Extra space is required, era 


fahr. or more, the poppet-valve type of engine is ordinarily employs 
though balanced piston and specially designed Corliss valves are not 1 
common. The poppet valve is not distorted by heat and require 
lubrication. In Europe these engines have been brought to a high 
of efficiency, but have not been generally adopted in this country. 
steam end of the composite gas-steam engines at the Ford ‘Motor © 
pany’s plant, Detroit, are of Corliss valve design and though the st 
at admission has a temperature of 700 deg. fahr. no difficulty is experien 
with lubrication. 
Owing to the absence of rubbing parts in contact with the steam, 
because the casing is not subjected alternately to high and low temp 
tures, steam turbines may be designed to operate successfully with 
peratures up to 850 deg. fahr., though temperatures above 700 deg. 
exceptional. The latest steam turbine installations in this country 
designed for temperatures of 750 deg. fahr. 
95. Types of Superheaters. — Superheaters are broadly classified aa 
vection superheaters and radiant superheaters, according to the sourd 
heat. The former are usually placed in the boiler gas passages Whe) 
heat is transmitted mainly by convection, and the latter in the walla @ 
furnace where the heat transmission is by radiation, The convection 
which is by far the more common, mily be grouped into two clases 
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The indirectly fired superheater arranged in the boiler setting has 


advantage of: (1) lower first cost; (2) higher operating efficiency; (3) 


minimum attention, (4) minimum space requirements. 
Until recently, superheaters integral with boilers were located in th 


path of the flue gases after they had passed a considerable amount 4 


heating surface and had given up the greater part of their heat. With supe 
heaters so located, the steam temperature increases appreciably with # 
increased load. Figure 102 shows the relation between superheat am 
boiler rating with a superheater located between the first and seco 
passes of a standard water-tube boiler. With the development of 1 
large power stations and large generating units, more uniform superhe 


has become a necessity, and superheater designs have undergone n@ 


developments. Now, more than ever before, it is recognized that as lo 
as steam is flowing through a superheater, its elements are protected f 
overheating by the cooling action of the steam, and the only time wh 
they are endangered is during the firing-up period. The general prac 
in. larger power stations is to keep boilers on the line all the time. T 
are shut down only for repairs or cleaning, so that the firing-up pe 
are less frequent. In modern power plants with large boilers, the sup 
heaters are, therefore, located in a hotter gas zone. In order to gl 
uniform superheat at various boiler ratings, the capacity of a superheat 
must vary with that of the boiler. The ideal method of effecting 
result would be to distribute 
superheating surface throughout 
portion of the gas path where he 
. given up to the water in the be 
_ $F This, however, is not done, for prac 
e reasons, but a superheater loe 
Fic. 88. Babcock and Wilcox Super- hetween the boiler tubes, which 
heater Assembly. ‘ 
erate most of the steam, gives & ff 
tically constant steam temperature. Superheaters having this ¢h 
teristic are illustrated by Figs. 86 and 89. 

In a number of recent installations, the superheater is placed d 
in the furnace, and absorbs the heat by radiation (Fig. 94). With 
location the temperature of the steam drops off with increase in b 
rating. By placing part of the superheating surface in the path of 
gases, and part in the furnace, the rising characteristic of the convedt 
type and the drooping characteristic of the radiant type will produce 
tically constant superheat at all loads. 

83 gives the general details of a Babcock & Wilcox sup 
and Fig. 84 shows the application of superheating coils to a longit 
drum Babeock and Wilcox boiler, illustrating the usual location 













































Millet and an extra opening for 
the reception of the superheater Usualtietation: 

Wily valve. This safety valve 

Wy frnished as a part of the regular equipment and is set 2 lb. lower than 
; 
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\ndirectly fired type. The superheater consists of two transverse, square 
Wrought-steel manifolds into which two sets of 2-in. cold-drawn seamless 
tlecl tubes bent in a “U” shape are expanded. The tubes ordinarily 


ive arranged in groups of four. Saturated steam flows from the dry 
pipe, located within the drums, to the upper manifold. The latter is 
Hivided into as many sections as there are drums, so as to avoid expansion 
frmin. From the upper mani- 


fold, the steam passes through 
the U-shaped tubes to the lower 
tie (which is continuous) and 
Hence to a cast-steel “ super- 
water center” fitting supported 
fyer the drum. The “ super- 
healer center” fitting is pro- 
Vitled with a superheated steam 





wilety valves of the boiler. This is essential in order to provide a 
of steam through the superheater and to prevent any overheat- 
of the latter in case the load should be suddenly thrown off the 
boiler. A small pipe connects the 
center fitting with the saturated 
steam space in the drum and is for 
the purpose of equalizing the pres- 
sure when the discharge from the 
superheater is closed. While a 
flooding device is not necessary, its 
use is frequently recommended by 
the Babcock & Wilcox Company. 





™. twbheock and Wilcox Superheater 


Double Dock (Usual Location). This consists essentially of a small 
pipe which connects the lower mani- 
with the water space of the boiler and by means of which the super- 


ft iimy be flooded, Any steam formed in the superheater tubes is re- 
(1) to the boiler drum through the collecting pipe, which, when the super- 
/ eal work, conveys saturated steam into the upper manifold. When 
jwemure has been attained, the superheater is thrown into action 
iin the water away from the manifolds and opening the super- 
top valve, With the proportion of superheating surface to boiler 
ordinarily adopted, the steam is superheated from 100 to 150 deg. 
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The tubes of the Babcock & Wilcox superheaters, as applied to Stirlix 
boilers, are ordinarily equipped with ferrules or cores, as conditions warrant 
to give a proper ratio of tube cross-sectional area to header area. By th 

use of this construction, it 

assured that all tubes 
their proper proportion of tl 
_total amount of steam passi 
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the danger of warping or b 
ing of any tubes due to be 
by-passed is obviated. 
With single inlet and ou 
superheaters, one end of @ 
superheater header is wel 
closed. To the other end th 
is attached a wrought- 
flange. 
Figure 42 shows a sectl 
through a duplex superh 
as installed in the 1200: 
boiler at Calumet. The p 
mary superheater superhel 


am generated by — 
Fia. 86. Babcock and Wilcox Superheater — 0 Be wh oh sooail 
Located Between Tube Sections. ouer, while 
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superheater reheats the § 
exhausted at 300-lb. gage from the high-pressure turbine. The secon 
superheater incloses the primary as indicated. , 
Figure 87 gives a side elevation of one section of an Elesco superh 
as installed in the Spring- 
field boilers at the Hell 
Gate Station. The headers 
are made of extra heavy 
pipe and are so located that 
the joints between headers 
and elements are placed in 
a comparatively cool gas 
zone, and are easily acces- 
sible for inspection and re- 
pairs. The elements con- 


sist of cold-drawn seamless 
tubing of small diameter, so that no cores are required, The 


are fastened to the header, by means of a detachable metal-te 





Elevation, 


through the superheater, al 


Wi) important feature 
Wf those superheaters, since it permits placing of elements closer together 
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; ‘ 2 . 
ate gen any no welding, rolling, or gaskets of any kind are 
muds are made of 
special heat-treated 
Alloy steel with a mini- 
ium tensile strength- 
of 100,000 Ib. per sq. 
ii, Figure 88 shows 
A section through the 
header and joints. 

The elements have 
firmed return bends, 





Fie. 88. Method of Securing Tubes to Header — Elesco 
Superheater. 


and better utilizes the 
space available for the 
superheater. Owing to 
the sharp turn, a better 
mixing of the steam is 
obtained, resulting in a 
more uniform heating. 

Any slugs of water 

carried over by the steam 
are broken up in the re- 
turn bend, and become 
easily evaporated. These 
return bends are made on 
the ends of the units from 
the metal of the pipe it- 
self, by a special mechan- 
ical forging process with- 
out the use of electrical 
or acetylene welding. By 
means of the return 
bends, long units can be 
manufactured, decreas- 
ing the number of joints 
in the header. 

Figures 89 and 90 are 
examples of two installa- 
tions in accorda i 
Praction in superheater design, Figure 89 shows a tana pe 





















Holler Surface 8, 
Nuperheater Surface 2,135 
Vurnace Volume 8 
Grate Surface 
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Mlesoo Superheater Installation — He 
Cate Station, 
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drum boiler built by the Springfiel 
Gate Power Plant of the United Ele 
York. The completed plant will con 
now in service. The superheater 1s 


joints between headers and units can be inspected from the outside of the 
lwiler by merely removing the access door in front of them. 
l'igure 90 shows a boiler installed in the River Rouge plant of the Ford 
Motor Company. Each superheater consists of three headers, two 10-in. 
ii diameter and one 12-in. The headers are located below the boiler 
feam drum. Steam is taken from two points of the boiler, collected, 
Hil lod to the ends of the 10-in. saturated steam. header, both connections 
twin on the same side of the boilers. From the saturated headers, the 
Men passes through the elements and is returned to the 12-in. super- 
Hated steam header and discharged at the side opposite that at which it 
Miler the saturated header, thereby avoiding any possibility of short- 
Wyeulling, and at the same time attaining a correct steam distribution 
Miieh all the elements. The units are placed in the first pass of the 
| lev, protected by 
| I! 
i 


d Boiler Company for the new H 
ctric Light & Power Company Ne 
sist of 24 boilers, 12 of which 
located in the first pass betwe 











































few vows of boiler 
tow, ‘This arrange- 
Ht not only ob- 
Hie & location of 
miperheater in 
Wlvantageous gas | 
hi, but also prac- 

ly eliminates Fic. 91. Assembly of Foster Superheating Element. 
Hhetruction to 

flow of the gases past the superheater. The superheater heating 
we in alno contained in the least possible space of the boiler. All 
five suspended from the headers in a nearly vertical position, and are 
free lo expand and contract. The vertical position of the units, 
m! with their smooth surface, also prevents the accumulation of 
soot and: ashes. The headers are 
sTATAUANAY) FACAPACARA located outside the boiler away from 


1 the hot gases. This location of the 
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Steel 
Tube 


headers offers facility for inspection 












vw and repairs, even during operation, 
WW) Details of Construction — without the necessity of going into 
Raa Matisa. Vostor Superheater, the setting. Any unit in the super- 
heater may be disconnected and re- 
The space is so selected as to Without interfering with the other units. 


the sixth and seventh rows of tubes. L 
the elements from too high temperature and, at the same time, to 8@ 


ifi i ini t of tubing and mir 

superheat specified with a minimum amoun ing 
sche en to the flow of the gases. ‘The superheater is de | 
200 dog, of superheat at 200 per cent rating. ‘The headers are ul 
on stool work and are free to expand and contract in all directior 


' 1 shows an assembly of Foster convection superheater ele- 
aul Vig. 02 the details of construction, This device consists 

ji-etoel headers joined by a bank of straight parallel seamless 
Hive! Lubes, each tube being encased in a series of annular flanges 
to each other and forming an external cast-iron covering of 
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large surface. 
to prevent damage 
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Fic. 93. Foster Ra- 
diant Heat Super- 
heater — Side Eleva- 
tion. 


fahr. of superheat in this stage of the super- 
heater. The further rise of temperature is then 
second or radiant stage of 
(See Publication No, 24-74, 


obtained in the 
the superheater. 
N.E.L.A.) 


‘Tho Schwoerer superheater, 
pearance to the Foster, differs 


STEAM POWER 


The protection afforded by this external covering is amp 
from overheating during the process of steam raisi 
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surface being made up of suitable lengths of cast-iron pipe ribbed outsid 
utside 


elroumferentially and inside longitudi 
gitudinally. i 
flanged and connected by cast-iron U-bends ‘Tho inane weit 


any le heating surface internally and externally 
with a compact apparatus. This supehsaket 
ileign was at one time extensively used in 


and flooding devices are unnecessary. The tub 
are double, the inner tube serving to form a h 
annular space through which the steam passes 
indicated. Caps are provided at the end of é 


The intention is to provide 
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element for inspection and cleaning purposes. Fos Buro : 3 a—fos 2 — flee 
: uvope, particul: eee | ih 
superheaters are more costly than plain-tube sup: ls now Shae any te Coat. Germany eit —— a 
heaters, but are longer-lived and off h practically” ebandoned: Tt was do-]) jeeeae= EUV. GRa 
ea ers, UL are longer- ive and offer a much lap veloped when comparatively low pre F SS 2 
heating surface in proportion to the space occup jited, because it was thought ih itr ida —= = SS =S | 
Figure 93 shows & vertical section through a Fo & at a steel tube SSS | 
: p Wie not safe for use with steam in hot t (oS || 
Radiant Heat Superheater. This superheater Biiture zones, It is now, however, w tem- | =. | 

’ , univer- | wit, 


placed so as to form a part of one of the walls 
roof of the combustion chamber, absorbing hea ; 
this position, by radiation from the fire. Each 
ment of this type of superheater consists of a & 
less steel tube to the outside of which heavy © 
iron rings are snugly fitted, the individual ® 
having a flattened side exposed to radiant } 
A steel casing back of the elements forms 4 
wall, and the space between the casing — 
the elements is filled with insulating méa 
“Shadow” bricks are placed between the elem 
when it is desired to cut off some of the 
energy. In the more recent designs, the cha 
bricks between adjacent elements have been 
pensed with, so that the 
radiant-heat absorbing 
surface forms a complete 
metal wall. The general 
practice is to install a 
convection stage super- 
heater of the single loop 
type, thereby obtaining 
from 100 to 150 deg. 


milly recognized that the cooling action of 
eam flowing through a pipe is sufficient to 
io the steel tube at gas temperature u 

1800 and 1600 deg. fahr., and no eis 
PMtootion is required. 
Viwure 95 shows the application of a Heine 
erhoater to a Heine boiler, illustrating the a —— 
one of a superheater within the boiler py¢ 94. “A | 

but entirely separated from the main fs tet Gece 
.. vn superheater consists essen- pariah ro 

of a number of 1 1/2-in. sea 
1 expanded into a header box ices woes ape ot daniel 

as 
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direction of flow//y 
| of Hot Gases 













HALF SECTION THROUGH A-A 
" 5 " HALF SECTION THROUG 
Heine’ Superheater Installed in Heine Boiler we 


Fia, 93a. Foster 
Heat Superheater 
Section. 


LOMOITUDINAL VERTIOAL BLOTION 
Mia, 05, 
v 


somewhat similar in extel 
in detail, the t 


filard Heine boiler water-le i 

/ vr-log. The interior of this box is divi 

of compartments by light sheet-iron waidiouaiean part: 
current of steam through the tubes. The superheater 


which is 
from it considerably 
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chamber is located above the steam drum as etic the | 
of combustion are led to the superheater ps apt aint * ae 
built in the side walls of the setting. _ ‘ peg “ ion 
and regulates the degrees of supe 
heat. No provision is necessary 
for flooding the superheating col 


igure 97 shows a low- and a high-pressure Elesco superheater located 
(i the rear of a return-tubular boiler. The high-pressure steam, 100-lb. 
ue pressure, is superheated about 150 deg. fahr. and the exhaust steam, 
l)-lb, gage pressure, is superheated to 400 deg. fahr. The superheating of 
)xhaust steam for certain industries is productive of marked fuel economy. 


Meo “ Textile Plant Superheat Exhaust Steam for Process Work,” Power, 
dine 20, 1922, p. 965. 
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‘ib since the gases may be enti el mi, Materials Used in Construction of Superheaters. fr. In station- 
Vv N diverted from the heating surfa iy practice, the superheater tubes and headers are ordinarily constructed 
V4 |=, 3 * iN F dil ff mild steel. The tubes are seamless drawn, No. 12 to No. 8 B.w.g. in 
NAIe y IN ulations are readily ? pats. ; : 

. a N er introducing. ai Hhlokness, and from 1 to2in.in diameter. The tubes are bare except in the 
Vz yD N tice er through the hollow s Poster design. In the latter, they are protected by cast-iron sleeves as 
TE. ar J \ bolts. ; Hiown in Fig. 92. The headers are made of extra-heavy steel pipe or 
cane! | \ A modem, separately fired supe Heel boxes of rectangular cross section, In locomotive and marine prac- 
rT J. heater is illustrated in Fig. 96. 1 Hite the use of cast steel or high-grade cast iron predominates in header 
Vv K\S 


steam enters the superheater 
“ q” and flows through the lowé 
pipe of the units, so that 
hottest gas comes in contact ¥ 
Fig. 96. . Elesco Independently Fired the part of the units where 
Superheater. steam temperature is the coo 
and where the steam in most cases still sonia mae | 
The units are thus protected against overheating. es 
this part of the superheater 1s i 


Walruction. On the continent, cast-iron is used extensively for this 
pone, 
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‘The offect of temperature on a number of ordinary commercial metals 
fiown in Fig. 98. It will be seen that the tensile strength drops off 
¥ rapidly for temperatures beyond 600 deg. fahr. Because of this 
ii} decrease in tensile strength of materials with the increase in tem- 
fire, high-pressure steam is seldom superheated to temperatures 
ye N50 deg. fahr. Recent development in the manufacture of electric 
ls how produced cast steel as strong at 1200 deg. fahr. as the ordinary 
a | «1 000 deg. and the yield points also carry the same relation. (Power, 
the same direction as that of the "eam Js ont ; pare 
gases, but owing to the aah: Hee fC igh-pressure steam tof Pyopertion of Metals at High Temperatures: W. 8. Morrison, Trans. A.S.M.E., Vol. 
perature difference between the gases re 
ea ts 2: ok J Phe Kyfect «f High Temperatures on the Physical Properties of Some Metals and 
still high. In the second sgh": lhe Valve World, Jan., 1913, published by the Crane Company, Chicago. 
steam flows in the opposite direc- 
tie to the gas, so that the heat 
absorption here is the highest pos- 
sible, Where the gases leave the super- 
heater, the temperature of the steam i 
is still comparatively low, and the si pine nod a 
gases are cooled sufficiently to on ia * Bleeoo”” Bupesbaaball 
igh efficiency of the superheater. 
Plitbiicshanted steam leaves the superheater at Af SH ’ Th 1 
permits of low flue-gas temperatures and high om =e He 
out subjecting the elements to the severe action o ts e at a 
of headers and joints is the same as that of the Elesco s 
heater, 


WOO 


We thought that cast-iron valves showed permanent increase in 
one under high superheat and that in numerous instances they 
Mipponed to have failed altogether, but sufficient data are not avail- 
ft) prove the unreliability of cast iron if the iron mixture is properly 
HMided and the necessary provision is made for expansion and con- 
“ As a matter of fact, the behavior of cast iron in connection 
Wiuh temperatures depends entirely upon the composition of the 
Ul I) oawt iron with a considerable amount of silicon, the carbon 
iieombined, as the silicon has a tendency to combine itself with 
‘riving out the carbon. In such cases the carbon is contained 
1) In the form of graphite and the structure of the material is 
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be noted that cast iron Is made up of aun oo ' 
i ee ent other elements by weight, but iron 1s : fie. — 
ri cat eh etc., that by volume it is 69 per cen aie nd 
ot ps other materials. The great amount, by v' ; 
pe 


Hipounded is a perfectly reliable metal for fittings, engineers are inclined 
tie cast or forged steel, at least for high pressure and temperatures. 

#), Uxtent of Superheating Surface. — The required extent of super- 
{ing surface for any proposed installation depends upon: (1) the de- 
of superheat to be maintained; (2) the velocity of the steam and gases 
‘igh the superheater; (3) the character of the superheater; (4) the 
wi) of steam to be superheated; (5) the moisture in the wet steam; 
) the weight, composition, and temperature of the gases entering and 
Hviiw the superheater ; (7) the conductivity of the material; (8) cleanli- 
il the tubes; (9) design of superheater, or mannér in which the gases 
vyor the heating surface, and location of the superheater. 

Wiwo the heat absorbed by the steam in the superheater is equal to 


fiven up by the products of combustion, neglecting radiation, this 
iwiwhip may be expressed 
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SUd = We (t: — &) : (54) 
hloh 
* «4, ft. of superheating surface per boiler horsepower (b.hp.). 


} © thean coefficient of heat transmission, B.t.u. per sq. ft. per hr. 
per deg, difference in temperature. 
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PA 50,000 r tt i! © moan temperature difference between the steam and heated gases, 
i I dog. fahr. 

5 a © Weight of gases passing through the superheater per b.hp.-hr. 

4 81 {Us| Na # © monn specific heat of the gases. 

£ moolah : » temperature of the gases entering superheater, deg. fahr. 





© temperature of the gases leaving superheater, deg. fahr. 


fepouing equation (54) 








_ We (t; — b) 
8 (55) 
70 cane lat transfer from the products of combustion to the steam may 
Temperature, Degrees Oxproased 
ials. 
ture on Strength of Materia 
Fic. 98. Effect of Temperature SUd = we! (t, — t) (56) 


f the deterioration of cast iron at 


r the silicon content, the greater the 
ni alli pak with the iron, the more a 0) 
. hea 1, and the better it can withstand high pe 
ee ial an established fact that the better grade o _ he 
Se etiealy superheated steam without any bad effect, - = 
pravtaae low-ailicon cast iron are giving ex nigral Wes : 
superheated stoam, Notwithstanding the claim tha 


: | 
combined carbon 1s the cause 0 } 


© Welght of steam passing through the superheater, lb. per b.hp-hr. 
Henn specific heat of the superheated steam, 

femperature of the superheated steam, deg. fahr. 

temperature of the saturated steam, deg. fahr. 


) Wil d oe in equation (64), 
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For wrought-iron or mild steel tubes, U varies as follows: 


U = 1 to 3 for superheaters located at the end of the heating surfa 
= 4 to 8 for superheaters located between the first and second 


of water-tube boilers. 


= 8 to 12 for superheaters located immediately above the furnag 
stationary boilers, in the smoke box of locomotive boilerg 


in separately fired furnaces. 


The above values are only averages for standard vertical-pass 
as they were built a few years ago. The value of U changes considé 
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Hee Ty HEH 4 


Stirling Boiler, 
"Sartace, 10,570 Sq. Ft. 


100 «125 150 175 250 275 300 
Per Cent Nonaal Boller Rating 


Fig. 99. Coefficient of Heat Transmission — 
“Elesco” Superheater. 
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U=Coef, of Heat 
Transfer 


of U obtained at different ratings in 


type boiler of about 1000 hp. Figure 100 shows the temperature 


of the hot gases entering superheaters 
heating surface passed over before 
reaching the superheater coils. 
Equations (55) and (56) are only of 

academic value, since manufacturers 
of superheaters are more dependent 
upon experience and judgment than 
upon mathematical analyses. 

‘ In accordance with recent practice, 
11/2 to 2 sq. ft. of surface per b.hp. 
is allowed for superheaters located 
between the first and second passes, 
and from 3 to 4 sq. ft. for super- 
heaters located at the end of the 
boiler heating surface, for superheats 
from 100 to 150 deg. fahr., boiler pres- 


sure about 150 lb. The nearer the superheater is located to 
the smaller becomes the heating surface, and 3/4 to 1 sq. ft. p 


not a rare occurrence, 
The Power Specialty Company allows 


difference in temperature for their ‘ two-inch" “ Foster” ¢ 
































SUPERHEATERS 201 


average temperature of the gases is about twice the mean temperature 
The team. 

w all engineering purposes, d may be determined with sufficient 
taey from the relationship 


d = (4 + b)/2- (+ 1)/2 (57) 


HiAtions as in equations (55) and (56). 

pirical formula for determining the extent of superheating sur- 
i) vonnection with indirect superheaters, which appears to give 
‘ory results for superheaters placed between the first and second 
wf vertically baffled water-tube boilers, has been developed by 
ling the following values, 


U = 3, d=t — (t,+ 2)/2, w = 30, c = 0.5, 
one (56) and (57) (J. E. Bell, Trans. A.S.M.E., 29-267). 


with the velocity of the { 
which means that it eh 
also with the rating. 
present tendency is to ¢ 
boilers so that the gas 
increases towards the 6 
the boiler, and the above 


will be increased corre Sx 38[t — @ +4/2] = 30 X05 x (t;-—t) © (58) 
ingly. Figure 99 shows ' 
actual operation with a 
per wreisy" 
for various percentages of lanl a t, —t (69) 


jean temperature of the product of combustion where the 

























Fs F ¥ is loonted, may be approximated from equation: 
o 
186 1 + (t’ — t)°'6 = 0.172 H + 0.294 (60) 
38 | il 
He 
?'l BP < 
rf r My ea f jwoportional part of boiler-heating surface between the point 
23 | ae #! which the temperature is ¢ and the furnace. 
ze Byuatlon (56), 
22 
3 ‘ai 100) le bawed upon the assumption that the heat transferred 
{4 (ho water is directly proportional to the difference in tem- 
betaxe Reaching tho furnace temperature is 2500 deg. fahr.; flue temperature 
Fia. 100. Temperature Kar ; g - 4 4 : ; 
in Superheatety Hy) wlonin pressure 175 lb. per sq. in. gage; 1 b.hp. is equiva- 
ft) of water-hoating surface; and that there is no heat ab- 


eet radiation, It is, however, present practice to subject a 

wf the boiler-heating surface to radiation, in order to de- 
temperature with a corresponding decrease of the 
furnace brickwork, This fact must be taken int 


6 B.t.u, per linear foot pi 
« (he surface of a superheater, 
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Example 22. — What extent 
heat saturated steam at 175 lb.-gage pressure, 
heater is placed in the boiler setting where the 
40 per cent of the water-heating surface? 


Solution. — Substitute H = 0A and t = 378 in equation (60) 


of heating surface is necessary to 8 


1 + (t! — 878)" = 0.172 X 0.4 + 0.294 
from which 
' = 950 
Substitute t’ = 950, ts = 578, and t = 378 in equation (59) 


10 (578 — 878) 
= 2% 950 — 578 — 3 


probable temperature range of gases en 


S 737 2.12 sq. ft. 


Figure 100 gives the 
superheater after passing over a given per cen 


Relation between COs and Superheat: Repo 
1923, Part B, p. 251. 

98. Performance of Superheaters. — The factors influencing th 
formance of sup 


data for purpose of 
given full consideration. If the combined boiler and superheai 


ciency were constant irrespective of the boiler capacity, the ratio 
weight passing over the 


heater surface to steam, 


Furnace 
Efficiency, 
er Cent 


heater tubes; as well | 
ratio of gas to steam V 


ler. 


heater 


1. 


bined Boi 
: FF 


Com! 
and Supe 


Under such condition 
superheat would be 





Performance of Superheater Located 
Between Tube Decks. 


Fia. 101. 


rating developed. 
modern high-set boiler, in which the furnace volume, grate sul 
heating surface have been properly co-ordinated, the overall offic 
approximately constant over a wide range in capacity, and as & 
superheat is also approximately constant. A typical performane 
is shown in Vig. 101. In general, however, a8 the capacity inere 
weight of steam flowing through the superheater coils increases 
direct proportion to the capacity, while the weight of gas past 
the superheater surface increases at a rate inversely to the eff 
various capacities, the weight of gas per Ib. of fuel burned 


wie 


















































200 deg. fahr., if the st 
gases have already travé 


t of boiler-heating 8 


rt of Prime Movers Committee, N 


erheaters are so numerous and so variable that @ 
design are of little value unless all of these factor 


‘ passing through the 
would be constant at all 


mately constant at any 
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i, ‘This results in an i 
increased heat transf 
es 5 ; sfer rate between 
g dees a a an increase in temperature difference hers mn 
ay 0 t at the combined effect is to increase th shed 
pacity is increased. This is shown in the curves . ae 
of Fig. 102. 
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Pie, 102 
“ . Performance of Superheater Located at End of First Pass 
Wlationshi : 
” a superheat and capacity will vary widely ev 
—. ye . given set of combustion conditions, with Vide 
, Stokers, boilers and superheaters The variatio Pe 
’ n in 


| i dependent not y rface to 
" , ] i 
a og on on the ratio of the superheater su 

































































220 
ita loca- 
200 
h Peapoct 
fl A 1262 hp. B. & W. i 
r | = 1268 Ds Bede . Boiler, Cross Drum He 
ney muy : ——7—Coal 12,500 B.t.u. per Lb: SS | 
4 lB Gas 1,150 B.t.u. per Cu. Ft S 
' potion 10} 8-0 bp. B. & Ww: Boiler; A 
| nw fi om } 01 xs 
bel, the 120 |_| 
im oof 
100 |_| 2 al [ 
mi, and | call 
- = ef, 
| ra os 
wf fuel B ot yired 3 eB 
¢ u : 
nae of 0 ~ = oa Bie M [ 
nf fuel © 
50 100 
150 250 300 
Per Cent Boiler Rating 7 ay 


wheat 
hotles 
Mite 


fel wethoda of firing is shown in Fi i 
bore aro not exposed to Se oat tia ae 
1 (aken from Mechanical Engrg, Oct. 1921, articl b H 
tea the aaving obtained from a Wiiperheater instalans ‘ a 
plant, As might be expected, the savings are high tan 
petremely poor performance of the engines with rear 


"ia, 103. Influence of Character of Fuel and Method of 


Firing on Superheat. 


wn Hotler Performance: Power, Aug. 14, 1923, p, 259. 
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TABLE 31 


TESTS MADE UNDER ACTUAL OPERATI 
Saturated vs. Superheated Steam 


NG CONDITIONS 







Increase 


ted 
Saturated |Superhea: iowa 


Steam 





ren a oel OR ee 2 






Total coal consumed, Ae. vpn clos ae a “af 
Steam consumption, lb.......-.+-s 20s sree og ae = 
Average steam pressure of boilers, At. nh peg ae id 
Average load on Corliss eng., ihp......-.- 3 4 aS 
Average load on Woodmill eng., A dae toy da Ee #4 oa 
Average load on electric generator, kw...... Ad 5 eden Ao 
Revolutions of air compressor, ROUG «Sate n° Zz. cos oF 
iler horsepower.....--.-sseeersetr rts 

Poncunt sated capacity developed........-- ae 0 Boy 3 
Temperature of feedwater, deg. fahr.......-. cmek Ferd 

Heat value of 1 lb. of coal, B.t.u.......----- y im 


Deg. superheat, main header 










































































40 160 18 g 
Op yt ae Per Cent Rating 


Superheater, 
_ Ft. Edgemoor Boiler, 1820 Sq, Ft. Foster 
bi p day sty Bituminous & Sub-bituminous age patanhaies 
(2) 11,860 Sq. Ft. B. & W, Boiler, 3,863 Sq. Ft. B. & W. Super’ . 
‘Mech, Burners, 
@) Hey + Ft. Edgemoor Boiler, 1620 Sq. Ft, Foster Superbeater, 
Leah; y Burners, Dutch aor eg Shot, 
itto, Flush Front, Rear Shot, 
o 6,000 Sq. Ft, B. & W, Boiler, 1,277 Sq. Ft. B. & W, Superheater, 
‘Hammel Burners, Rear Shot, 


Fra. 104, Variation of Superheat with Rating. 


Toats were made about two weeks apart and with flues in app! 


the same condition, 
Some idea of the ratio of 
number of well-known central 


superheater surface to boiler 
stations is given in Table 82, 













Duration of Tests, four hrs. each 
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TABLE 32 
MODERN SUPERHEATER INSTALLATIONS 








Boiler Super- Ratio 

Type of Pr Tem- in i .H.S. 

Mtation Boiler poo phdk posing Enero z r 

Sq. Ft. Sq. Ft. B.H.S, 
. EAL) eee emma Be Mme YT 
Shi, . eae Springfield 300 | 625 | 16,800 | 1680: 0.100 
ere. B. & W. | 1200] 750] 15,750 | 2120* 0.134 

Be sis o's See B. & W. 350 | 625 | 15,089 | 4052 0.270 
RRS B. & W. 575 | 725} 11,676 | 5640 0.339 

eit OE B. & W. 300 | 640} 18,010 | 4070 0.225 

SR B. & W. 275 | 650 | 27,680 | 5640 0.204 

BT cy screen css B. & W. 400 | 735} 11,599 | 2250 0.194 
eect deen B. & W. 385 | 680 | 23,600 | 4130 0.183 

RI vio yy sos wiessiess vs Heine 280 | 650 |. 12,743 | 5748 0.450 
| lo Stirling 300 | 700 | 28,212 | 3169 0.112 
Potiia « Soma Springfield | 300] 690 | 18,900 | 2135 0.113 

ron ng dete B. & W. 650 | 750} 14,086 | 2427 0.173 

Hepp ees Ladd 225 | 600} 26,470 | 3000 0.113 

‘Webra B. & W 350 | 700 | 16,396 | 2787 0.170 

Ri B. & W 400 | 700 | 14,086 | 2460 0.175 

ee te B. & W 425 | 700] 19,743 | 2936 0.148 

\ ae B. & W 1200 | 700] 15,730 | 2923+ | 0.186 


* Primary Superheater, secondary superheater 3300 sq. ft. 
| Primary Superheater, secondary superheater 5938 sq. ft. 


PROBLEMS 


Holley walt generates steam at 250 Ib. abs. pressure, superheat 300 deg. fahr. 
Waler lemperature of 210 deg. fahr. What percentage of the fuel burned 
ty Miperheat the steam? Neglect all losses. 

#yerawe lomperature of the products of combustion sweeping past a super- 
Peliewd from 1000 to 800 deg. fahr. If 12 Ib. of gas are produced by each lb. 
fiany lb, of steam are superheated from saturation to a final temperature 


folie for ench Ib, of fuel burned? Steam pressure 150 Ib. gage. Neglect 
fel the mean temperature of the products of combustion passing through 
wf N15 aq, ft, of heating surface if 66,000 lb. of steam are heated from 
Hf 1) Ih, aba. to 260 deg. fahr.; mean coefficient of heat transfer, 5; Ib. of 
steam, & Neglect all losses. 
Hate the aq, ft. of superheating surface necessary to superheat 10,000 Ib. 
seam per hr, at 200 Ib. abs., to 550 deg. fahr., if the superheater is placed 
fiiet endl second pass of a vertically baffled water-tube boiler where the 


ily traversed 85 per cent of the water-heating surface. 

1 hwtler, rated at 10 aq. ft. of heating surface per b.hp., generates steam 
jeune, superhoat 100 deg. fahr., feedwater temperature 160 deg. 
ting at 200 per cont rating. If the average temperature of the gases 
the wiperheator is reduced from 850 to 700 deg. fahr., what is the ratio 
ae ens surface? Use algebraic mean temperature difference 
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iid should be constructed preferably of brickwork, though con- 
lime been used in some low-pressure installations. Gedjnnith the 
Walla are built of well-burned red brick, and the inner aaa in 
with the hot gases or exposed to the flame, are faced with fire 





















































CHAPTER VI iy 
“Bate l 1 Brick N WY) Furnace 
BOILER SETTINGS, FURNACES, STOKERS AND aos Vi N Y ome 
FUEL BURNING APPLIANCES au Wy “ay Brick Fire 
4 bire Bald nwa y Y wad 
99. Settings. — Internally fired boilers and furnaces are generall ||, ree Q ere gente Y y 
contained and require no separate enclosing or supporting sti Vi pire 08 pei is \, 
other than a suitable foundation. Externally fired boilers, on the ¢ Ni avo.ca WL p Y bee Pariel 
hand, require a setting upon which the boiler may rest or within whi rz oe eee il J su0.00 
may be independently supported by steel framework. The essential = Ry d ges Brick yy 
| . Asbestos ge 
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Hic, 105, Examples of Modern Boiler Side-wall Construction 


boiler setting are a firm foundation to prevent settling and cracking 

walls, proper distribution of masonry and steel work, adequate 
construction for maintaining efficient combustion and withstandi 
stresses due to temperature variation, suitable baffling for obt 
maximum heat absorption and minimum draft losses, and insu 
against heat losses. The structural steel work, including metal | 
fronts, inspection doors and frames, and other strengthening and 
devices, are usually furnished with the boiler, but the stoker and m 
construction are generally installed independently, but subject, of ¢ 
to the boiler design. 
Water-tube boilers are usually uspended from steel work indept 
of the setting, so that the brickwork supports no load other tha 
Return-tubular boilers under 78 in. in diameter are frequently sup 
by side brackets or lugs resting directly on the brickwork, but the 
sizes are invariably suspended from steel beams, Fig. 30. The s ' 
type is by far the better since, by its use, the boiler is free to exp 
contract without disturbing the brickwork, and the trouble of b 
cracking, air leakage and boiler settling is reduced to a minim 
some of the latest installations, horizontal return-tubular be 
erected with steel-incased settings — the barrel, or steam-boat, 
box type. In the former the steel plate casing beyond the brid 
semi-circular in shape, conforming to the outline of the boiler sh 
’ in the latter, the outline is that of the standard setting. The steel 
are lined with a layer of fire brick and a layer of common brie 
thin layer of insulating material next the casing so that heavy b \ 
are unnecessary. This type of setting is perfectly air tight 

air leakage losses to a minimum. 
Tho side and end walls of a boiler setting should never be less th 
206 
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Mpable of withstanding the high temperatures. In lar 

WY viltired boilers, the furnace temperatures ae ver hi See 
H birlok or composite walls of various combinations a brick mi 
¥ tiaterial, heat-insulating coverings and steel jackets ‘au ich 


Mile Gel 


24 Fire 
“ Diriek 


/ Second Quali 
Fire Brick »/ 








Pi, 100, Examples of Modern Boiler Front-wall Construction 


There in no general practic th ins ion i i 
the partioular near heer leet th waa 
win for large boiler units may be gained from an ins ss doen 
ful 106, Furnace walls, immediately above the fuel by ai . 
er tantiegn and the lining preserved by proper ventilatiall 
effected by the use of special perforated iron blocks, call 
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. 

100, Furnaces. — The efficient combustion of fuels for steam genera- 
} (depends chiefly upon the correct design and proper operation of the 
wwe, For each fuel and set of operating conditions, there is a boiler 
1 furnace equipment which will give the best returns on the invest- 
{, but the variables involved are so numerous that each installation 
| bw considered by itself. Whatever may be the nature of the fuel or the 
iHions of operation, for complete and efficient combustion, the furnace 
he constructed and operated in such a manner that the combustible gases 
he brought into intimate contact 
the proper amount of air, and 
fiined at a temperature above 
Wynition point until oxidation 
1 the combustion zone is com- 


+ 
fractories, or by means of water-circulating pipes or water boxes ins 
in the side walls immediately above the grate surface.* 

The arched construction, forming the roof of certain types of furna 
is commonly designated as the furnace arch, Fig. 129; that immedia’ 
over the fire bed, if independent of the roof, the ignition or coking 
Fig. 107; and that located beyond the bridgewall, the deflection 
Fig. 116. Ignition arches, as the name implies, are for the purpo 
igniting the fuel, and deflecting arches act as mixing devices. In 
of the modern high-set boilers, equipped with underfeed stokers, no 4 
are required, while in ¢é@) 
classes of hand-fired f 
both ignition and defl 
arches are to be found. 
arches are either of the ; , 
pended, Fig. 107, or Kiighest heat efficiency, the 
Fig. 120, type, and mature of combustion should 
variably constructed of * maximum that can be 
grade refractories in tained, but the brickwork 
boilers, and occasional yeu today will fail if sub- 
water-box construction 1 to the full temperature 
refractory lining in lowe Hable with most fuels. In fur- Wo lower rows” Steel Casing 
sure heating boilers. V. timiwn, therefore, either some 1 floc direct Pees, asbestos beard 
tion of arches subject Miiwioncy must be sacrificed —=He 
Hlain the furnace brickwork 
heep the cost of repairs within 




















” Fra. 107. Suspended Arch —Chain-grate . : 
Paces es high temperatures is of 


importance; without 














ventilation, the steel supports in the suspended type will become Alle limits, or the tempera- 
heated and the refractories in the sprung type will sag and fall, mf the walls must be kept 
The partitions placed among the tubes of water-tube boilers, fe the danger point by expos- 


purpose of directing the flow of the hot gases, are generally know 
baffles. These baffles may be at right angles to the tubes, 


large portion of the boiler- 


Water-cooled Ye J 


surface to direct radiation i cit eee d 
(vertical baffles), parallel with the tubes (horizontal baffles) Fig. Wy artificially cooling the re- ET: Ulew’ 





Fia. 108. Boiler and Furnace Equipment 


inclined, Fig. 412. They are constructed of cast-iron plates lined on — Colfax Beaton; Dotiuekab Ligne! 


refractory matertal, specially shaped fire tile or plastic refractory ¢ jin for burning oil, gaseous 
Baffles should be air-tight and yet permit of tube removal, and shé iwilored fuels are of the simplest construction, since the fuel is of 
arranged so that the tubes will receive the full scrubbing action of ® Hature that it can be intimately mixed with the required amount 
gases without short-circuiting. Dead spaces and pockets where soot. fu burned in suspension. The dominant factors are furnace 
accumulate should be avoided, except, of course, where such poek snd longth of flame travel. 
installed for the purpose of collecting the refuse. The number and p ) fo for burning coke, anthracite, and other low-volatile solid fuels 
of the baffles have a marked influence on the boiler efficiency, but th i special provisions for a combustion chamber, except for high 
so many factors bearing directly on what constitutes the proper inate fis, eince the fixed carbon of which they are largely composed 
that it is impossible to set any fixed rules, The arrangement ¢ on or near the grate. Some combustion space, of course, is 
in a number of modern boiler installations will be found in this ¢ to provide for mixing the air with the CO rising from the fuel 
*Water-Cooled Furnaces: Mech, Engrg, Mar, 1026, p. 107, q 
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welive of smokeless combustion. These conditions are fulfilled by the 
wnical stoker. On the other hand, in the hand-fired furnace, dis- 
lon usually takes place at high temperatures and in almost entire 


bed. The greater the volatile content, the larger must be the comb 
space, but the increase is not directly proportional to the volatile con’ 
Bituminous coal and other fuels high in volatile combustible m 








; : because a large amount of Hee of oxygen, resulting in the production of soot. 
require considerable OEE cies Me Asad boil hen a fresh charge of high-volatile coal is fed into a hand-fired furnace, 
volatile combustible must be Miermous volume of volatile matter is evolved. For complete com- 
Pike et 1 io), & corresponding amount of air must be supplied and intimately 






{| Safetyiva 


over top ; 





! with the volatile gases before they leave the combustion zone. 
fejuirement for variable air supply makes smokeless and economic 
Wilh of soft coal difficult. Furnace volume alone will not give efficient 
Wiietion, Complete mixture of air with the combustible gases at high 
ature is the all-important factor. In fact, furnace volume is merely 
ie of effecting good mixture by lengthening the time of contact of 
‘idl wir within the proper zone of combustion. An excess of air 
Hired, but the amount can be small if the mixing is thorough. 

fie volume is defined, by the A.S.M.E. Committee on Power Test 
| Semmens ee. \ AR 1\ NS for horizontal return-tubular boilers and water-tube boilers, as the 






























wontents of the furnace between the grate and the first place of 

ilo or between the tubes. It therefore includes the volume be- 

iN 5 Wiig if the bvidgewall, as in ordinary horizontal return-tubular boiler set- 
rAN it Nae Hiiilow this volume is manifestly ineffective, (i.e., unless there is no 
3 : © through it) as in the case of waste-heat boilers with auxiliary 


fieon, where one part of the furnace is being used. For Scotch, 
iiternally fired boilers, it is the cubical contents of the furnace, 
Hy! Combustion chamber, up to the place of entry into the tubes. 


iwfiace volume, for maximum commercial efficiency, depends 
ti wine and character of the fuel, rate of combustion, air excess, 
j wid length of gas travel, method of admitting air, provision for 


iil #0 many other factors that general rules based on only a few 
faelore ave without purpose. ; 

© volumes per sq. ft. of boiler-heating surface, or per sq. ft. of 
tiaee, have been increasing very rapidly during the past few years 






Heating Surface 150 x 0 Sq. My 




















Se ee Veluwe 100s Onc #oker installation as well as for pulverized coal and oil fuel and 
; p , wehod relatively enormous proportions. Increased furnace 
ter Uni Philadelphia I Aue Rie vay ; 
Fra. 109. Boiler Unit No. 4— Delaware Power Station, a iq i) externally fired stationary boilers is usually effected by in- 
i '" head room” or distance from the boiler-room floor to the 
ing high- i the furnace should be so designed the 
In burning high-volatile coals, i the front header. Ten years ago, vertically baffled boilers of 


distillation of the volatile matter takes place wb low temperaturem, 
favors the formation of light hydrocarbons which are more — 
completely without depositing soot than the heavier ape 
at high temperatures, Slow and uniform heating of the coal, wh 
a large part of the volatile matter to be distilled at low pn 
distillation of the volatile matter in presence of oxygen, are 


W type were commonly set with head room as low as 7 ft., while 
fi, ls considered none too high, and 20 ft. has been used in 
fee, In the low settings, the ratio of furnace volume to 
ls approximately 1 to 10 and in the 20 ft. setting this ratio is 
"% ‘The greater the ratio of furnace volume to boiler surface, 


= So at eee * < -_ = in “ty 
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W/A in, at the bottom to enable the ashes to drop clear. The width of 
loads. But high-set units cost a great deal more than those with. iF epace is determined by the size of the fuel to be used and the air 
a low head room, and the first cost and furnace maintenan i, It is common practice to allow 1/8, 1/4 and 5/16 in. air spaces 
age “ me vikahaiaes as the volume is increased, first cost Wo, 8, 2, and1 buckwheat, respectively; 3/8 in. for pea coal, and 1/2 
one t ion oon mount dhendily; while efficiency increases more and Hines for bituminous coal. 
ees | in Fig. 110 are of interest in showing the Tupper and Herringbone grate bars are stiffer and less likely to 
tipedelen thro etleatilins {an the common form, but are not so readily sliced, and therefore 
® eonvenient with coal that clinkers badly. Sawdust or pinhole 
ive used in burning sawdust, tanbark; 


the higher will be the overload capacity and the higher the efficien¢ 






















































at ation y wall sizes of coal. Grates are often 

on Ee ee fontally and the bars are held in place Common Bar 

i hy their own weight, but long grates 
2 ' placed sloping toward the rear to Tupper Hemeingbinels 
i 60 firing. The front of the grate, when LZtZ2EA (a 
é | for bituminous coal, is often made aligiory phn of Gees 
>? tile portion being called dead plate. bes Yor Hantie d Fur- 
& m to hold the green fuel until the Hares 








hone have been. distilled off, when 
# is pushed back on the open grate at the time of the next firing. 
\h of a single bar or casting should not exceed 3 ft. The length 
tity be made of two or three bars and should not exceed 6 ft. 
HiHinous coal, as this is the greatest length of fire that can be 
Worked by a fireman. With buckwheat anthracite, furnaces 12 
comet ria ft. in depth are not unusual as 
= anthracite fires require no slicing. 
poriypebpdreiiry The disadvantage of using sta- 
(q tionary grates is that the fire is 
-—| b¥/> not easily cleaned. Unless the air 
ea =A spaces are kept free of clinkers and 
Wo F ashes, combustion is hindered and 
the fire rendered sluggish. Fre- 




















2. TC 
P . Cu. Fe taboac Volume per Sq. Ft. Grate Surface 
Fra. 110. Furnace Volumes for Illinois and Pocahontas Coals. 


between furnace volumes and air excess for Illinois and Pocahon 
for the tests described in Bul. 135, U. S. Bureau of Mines. While 
they do not show the exact relation between furnace volumes and 
combustion for the coals in question for all classes of furnaces, bee 
the great variation in practice in direction and length of flame tra 
they do show that greater furnace volumes are required he i ies 
ages of CO; than by high rates of combustion. See also Table 29, Vee re 
quent cleaning, however, is waste- 
| and reduces the furnace efficiency by letting in a large excess 
fy line the fire door is opened. In small plants where larger 


Flow of Heat through Furnace Walls: U. S. Bureau of Mines, Bul. No. 8, 101 WH A Vypleal Shaking Grate. 
HH raelle are burned, the plain grate is probably as satisfactory 


ign: ; . 613; May 13, 1924, p. 
ler Furnace Design: Power, April 17, 1923, Pp ; ( 
fle and Furnace Equipment: Report of Prime Movers Committee, } 

the waking or rocking grate is to be preferred with coals that 
| hove high ash content. Anthracite dust, silt, culm, and 


-170; i . 1924, p. 372. 
Part B, 1923, pp. 126-170; Combustion, Nov ‘ 
Wiese fe the Choice of * Combustion System: Power Plant Engrg., Dee, 1, | 

ve burned on grates with small openings, and require 
tlvatt, 


1194. 
Refractories Service Conditions in Boiler Furnaces: Power, Jan. 19, 1926, p. 1 
pratee have the advantage of permitting stoking without 
five door, and require less manual labor than stationary 
are many types of sectional shaking grates on the market 


= 


. Grates. — Stationary grates for hand-fired furnaces are 
sade of cast-iron sections in a variety of shapes, as illustrated in 
The bars are ordinarily from 3 to 6 in. deep at the center (this m 
strong enough to carry the load caused by the weight of the fuel 
sagging even when the top is red hot), 8/4 in, wide at the top, 
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i wmall combustion volume is necessary. For this reason the plain 
i, which is the simplest and cheapest that could be devised for steam 
fulion, gives satisfactory results with these fuels. With high volatile 
the furnace is inadequate and it is almost impossible to operate the 

Without the production of objectionable smoke, except after the 
le inmatter has been distilled from the coal. Increased combustion 
oblained by raising the boiler may promote better combustion, but 
alr and combustible gases have a tendency to flow in parallel obesnias 
wil mixing, and particularly so at low rates of combustion. In or- 
jwactice, boilers should be set at a height above the dead plate not 
#n 0.25 of the grate length plus the height of the bridgewall. Head 
Alone will not effect smokeless combustion, however; mixing devices 
Hie Hort are necessary adjuncts. 

inetallation of this style of setting is not permitted where smoke 
fiwon are enforced. Fuel economy depends so much upon the 


and some of them are made self-dumping. A popular type is illustr 
in Fig. 112. Each row or section of grate bars is divided into a fron’ 
a rear series by twin stub levers and connecting rods. An ope 
handle is adapted to manipulate either one or both of the levers in st 
manner that the front and rear series may operate separately or tog 
The shaking movement causes no increase in the size of the opening 
hence prevents the waste of fine fuel. Ordinarily, the width of the 
is made equal to two or more rows of grate bars, so that the live fire 
be shoved sidewise from one row to the other when cleaning. A dey 
fire of from 6 to 10 in. is carried, according to the nature of the fuel an 
available draft. Manually operated inclined shaking grates, which 
the fuel a progressive forward motion, are usually designated as 
stokers (see paragraph 107). 

Mechanical Stokers, see paragraph 108-111. 

102. Plain Furnace and Hand-fired Setting. — This so-called “ 
ard” setting, Fig. 113, is intended primarily for anthracite @ 























—f*™ Top of Grate 


is. 11/24 











lig, 114. Heine Boiler with Plain Furnace. Hand-fired. 


Fra, 113. Return-tubular Boiler with Plain Furnace Setting; Flush Front, (Modern Setting for Anthracite Coal). 


Suitable for High-volatile Coals). 
{ dewign of furnace and setting that, even where there are no re- 
Hie, |b in inadvisable to install these “ standard ” settings without 
from some competent combustion engineer. 

lon design of plain hand-fired furnace, as applied to a Heine 
rehgney boiler and suitable for burning anthracite, is shown 


volatile bituminous coals. Thousands of these settings are seat 
over the country, and a large number, in the Middle West, are ¥ 
burning high-volatile bituminous coal. Anthracite and lowevol 
tuminous coals require the simplest type of furnace, because 6 
takes place principally in the fuel bed, and, for ordinary rates of 
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103. Plain Furnace and Setting with Steam Jets. — The oldest de 
for reducing smoke in the plain furnace and setting is the steam jet. 
main purpose of the jet in this connection is to mix the air and gases 
insure intimate mixture of the products of combustion. This actio 
purely mechanical, the steam in itself not being a supporter of comb 
The claims sometimes made that steam increases the calorific pow 
fuel are, of course, erroneous. When steam comes into contact with 
candescent carbon it combines with the carbon, forming CO and € 
and the H: is liberated. Except in the absence of sufficient air for 
plete combustion, the CO and H; immediately recombine with the ox 
from the air to form CO, and H.O. As the heat liberated by the 
combustion of CO and H, to CO, and H,0, respectively, is the sam 
that required to break down the H,0 to CO and Hk, there is no g 
heat. There are conditions; with certain grates of coals and refuse, 
which a moderate amount of steam injected through the fuel bed pre 
clinkering and promotes complete combustion, but such results are dy 
increase in available heat and not to increase in calorific power, 
heat necessary to superheat the steam to stack temperature mul 
charged against the coal pile, but the loss may be more than offset by 
increase in available heat. There is no question as to the value of pro 
installed steam jets in maintaining smokeless combustion under ¢@ 
conditions and with certain classes of fuels, but, as a general rule, 
are looked upon as makeshifts by experienced smoke inspectors and 


Wall construction appears to be the best. Many of the patented smoke- 
iw furnaces involving the use of the steam jet do not conform with the 
jiilrements of the Chicago Department of Smoke Inspection, chiefly 
wine of faulty furnace design. 

Meam jets use from 2 to 15 per cent of the steam generated by the 
ley, depending upon the size of the boiler, load carried, number, shape 
{| sine of nozzles, initial steam conditions, and whether or not they are 
filled to discharge intermittently or continuously. The nozzles 
Hil be designed for maximum velocity, since velocity, and not quantity, 
pein is the important factor. The weight of steam discharged through 
Helos may be closely approximated by Napier’s rule, equation (280). 
Also Table 51. 

4, Mand-fired Dutch Ovens. — One of the earliest attempts at hand- 
| smokeless furnace construction for high-volatile coals consisted in 
fiw & full extension Dutch oven, 
114, in front of the boiler. This 
tiled a large combustion cham- 
}, Wil the setting was extravagant 
Tir apace and the intense radia- 
from the incandescent furnace 
ofeeted a too rapid distillation 
volatile matter from the green 
Mieam jets placed at the sides 


7 





Fie. 115. Plain Hand-fired Dutch 


competent to judge them. A plain furnace with steam jet equip welling and blowing across the Oven — Full Extension, Mitel 
either manually operated or automatic, will usually average from 8 ! Heleted in mixing the gaseous for Tanbark, a 
per cent smoke density with Illinois coals (see paragraph 354). A ele but did not satisfactorily 

less stack is not a true indication of efficient operation, since the # the problem, By placing the oven partly (semi-extension) or com- 


tion may be excessive and the heat demands of the steam jets may be 
great. Since air requirements are greatest at the moment of firing 
coal, and the demand diminishes as distillation of the volatile ™ 
progresses, steam jets need close regulation for best economy. If 


(flush front) underneath the boiler proper, the extra space require- 
were reduced or completely eliminated, but a considerable portion of 
{iii surface was insulated from the fire at the expense of capacity. 
ee! elep was to remove part of the oven roof and expose the boiler 


mitted to run continuously, as is often the case, they may use consid i the direct action of the fire. This increased the economy and 
more of the energy of the coal than they save by effecting smokeless ty of the setting but still failed to effect the desired result. Plain 
bustion. Practically all of the so-called “ smoke consumers ” for hy Hh ovens for hand-fired service, wherever they may be located, are 
fired furnaces depend upon the steam jet, or admission of air only abo wuetive of smokeless combustion without some sort of stoker or 
fire, for their operation. In most of these the jets are automatic and levies, Dutch ovens, or their equivalent, are generally used in 
ate independently of the fireman. The most efficient jets are those b fiele of high moisture content, such as tanbark, bagasse, and wood 
on the injector or siphon principle in which the jet induces a flow ¢ order (o provide a large surface of heated brickwork fot the dis- 
along with the steam. The steam nozzles are usually placed in th af the water, 


wall, spaced equally across the setting on 18-in. centers, and are ¢ 
downward toward the bridgewall, as illustrated in Fig. 117, Ove 
they are placed in the side wall or even in the bridgewall, but th 


Mettings for Hand-fired Return-Tubular Boilers. — Fig- 
to 110 give details of settings for hand-fired return-tubular 
) conform with the ordinance of the Chicago Department of 
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Health, Division of Smoke Inspection. The setting shown in Fig. 
and known as the Double-arch Bridgewall Furnace, or Department No 
Furnace (modified), is intended for low-pressure work where steam } 
are not effective and where the rate of combustion is 15 lb. of coal per 
ft. of grate surface per hr. or less. The construction consists of a dow! 
arch over the bridgewall (the combined area of the two arches app 
mating 25 per cent of the grate area) a coking arch over the grate, 
deflecting arch at the rear of the bridgewall. Green fuel is fired in 
quantities in front of the coking arch until distillation of the vola 
matter is complete. The volatile gases are forced to pass under 
eoking arch and over the incandescent coke at the back of the gr 
From this point the gaseous products are split into two streams b 
center pier of the twin arch, and flow in two streams through the | 
retorts formed by the double-arch bridgewall. On leaving the bridget 
retorts, the gases impinge against the rear or deflecting arch. 

The deflecting arch compels the whole volume of gas to chang@ 
direction of travel by 90 deg. This arrangement of arches effee 
intimate mixture of combustible gases and air at high temperatures, | 
results in practically smokeless combustion. Auxiliary air is admil 
over the fire through panel openings in the fire door. The usual p 
is to cut a panel opening in the fire doors having an aggregate area of 
in. per sq. ft. of grate surface. This type of furnace can be used in 
nection with horizontally baffled water-tube boilers as well as with 
zontal shell boilers. 

Figure 117 gives the general dimensions of what is known as the 
or Misostow furnace, for high-pressure boilers. Since its adoption app 
mately 85 per cent of the hand-fired furnaces installed in Chicago 
been of this design or modifications of it. The No. 8 furnace consist 
sentially of a number of vertical fire-brick piers — a center or “ V . 
extending from the combustion chamber floor to a point within 2 } 
the shell of the boilers and following the curvature of the shell, 
_ side piers or wing walls extending from the combustion chamber fl 
point within 2 in. of the shell at the thick part of the pier. The op 
between the side walls and the edges of the ‘“‘ V ” pier is 25 per cent € 
grate area. On the top of the rear end of the wing wall, a'4 1 /2-in, b 
head is constructed for the purpose of forcing the gases to descend 
pass between the edges of the two wing walls. 

Auxiliary air is admitted over the fire through the fire doors, or if 
tain cases through the agency of steam jets. The air admitted bele 
above the grate is forced into intimate contact with the products of ¢€ 
tion by the mixing action of the piers, The dimensions in Fig. 11 


to « specific set of conditions and are not general. This furnace should be 
fived by the alternate method. 

Vigure 118 illustrates the Step-down Arch Furnace as developed by 
Yrank A. Chambers, Deputy Smoke Inspector. As will be seen from the 
Hwetration, the furnace construction consists essentially of a series of 
‘hen placed in the combustion chamber at a short distance back of the 
\ilwewall. These arches are built in separate rings, independent of one 
jther, and form a series of steps, so that the crown of the last ring is 
ily below the top of the bridgewall. The gases, after impinging 
fiwl the arch, are gradually deflected downward into a high tempera- 
yone formed by the rear face of the bridgewall, the combustion- 
jiber floor, and the face of the arch. This permits the expansion of 
fiwen, and at the same time effects a very intimate mixture of the 














hygen| 2 
Nig, 118, Chambers Step-down Arch Furnace; Chicago Setting. 
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» of combustion. The portion of the combustion-chamber floor 
tek of the arch is inclined to the rear of the combustion chambers 
Hite of 80 deg., and deflects the gases on to the rear end of the 
shell, 1 also transmits radiant heat to the front end of the shell. 
{ reaintance of this construction is very low, and the cost is less 
{ of any of the other standard furnaces described in this para- 
fiereover, with the exception of the step-down arch, it is a per- 
wrt of the boiler setting, insuring durability and low maintenance 
tie type of furnace is adaptable to both high- and low-pressure 
i the operation of the latter, the coking method of firing should 
1, wid in the high-pressure boiler practice, either the coking or 
tiethod of firing. Steam jets should be supplied as auxiliary 
where the boiler pressure permits their use, and in all cases, 
for alr admission over the fire should be made. The di- 
Vig. 118 are not general and apply only to a specific set of 
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ration are concerned; but there is a limit in size of boiler below which 
ihe overall economy, measured in dollars and cents, may be less with the 
Wriner than with hand-operated equipment of proper design. Automatic 
Wokers, as a rule, are high in first cost, and if they are applied to small 
Mimeon the fixed charges, maintenance, and operating costs, may offset 
taving in fuel. This is frequently the case where the automatic 


The following head room requirements, or heights of shell above 4 
plate, are standard for “ Chicago ” settings. . 


i Shell Dead Plate to § 
peeneer of Shell Dead aie (i to Shell Dissicey ad e) a 
n. 3 








42 ve ' 2 her offects no reduction in the firing forces and where the plant 
or a 78 Es Walon on a limited hour schedule. There are several types of hand- 
60 34 84 filed stokers on the market which simulate the action of the automatic 


Wanical type. When properly ‘installed and manipulated, they are 
Hl improvement over hand stoking, as regards reduction of labor, 
flows ~=combus- 
ind efficiency. 
particular equip- Coking Arch 
) illustrated in 


106. Down-draft Furnaces. — Figure 119 shows the ope 
Hawley down-draft furnace to a Heine water-tube boiler. In this fur 
there are two separate grates, one above the other, the upper one f 
formed of parallel water tubes connected with the water spa of 
boiler through the steel headers or drums, A and D, in such a mann 
to insure a positive circulation. Fuel is supplied to the upper grate, 






140 consists of . , PP 
_ Row of Pushers in firing position ate pared Z 










lower one, formed of com o! stationary 
bars, being fed by the il Krate bars, 
consumed fuel falling fron Miwa of rocking 
upper grate. Air for combuj uw pushers, and 
enters the upper fire door, Metions of hori- 


(lump plates. 


is kept open, and passes 
fiishers and 


through the bed of green 





lump Plate 

the upper grate and then plates are "tra 

the incandescent fuel 1 from the rqpreé 

lower grate. A strong d Wf the furnace Pmnoy many a 

required, owing to the rel b tho agency Nia ‘120, A Typical Hand-operated Stoker. (National.) 

pnicmual precinct e oy ou lead plate and th d ofthe stati 
: p ‘| in fed to the dead plate and the upper end of. the stationar 

Fre. 119. Hawley Down-draft Furnace. Se ee a Whore lt is ignited and eked by the baat facia from the iguilbe 


Hefore a new charge is put in, the coked coal is forced on to the. 
hy tneans of a hoe or shovel. The action of the pushers moves 
forward and at the same time breaks up any clinkers. Ash is 
| tuto the ashpit by lowering the dump plate. Among the well- 
type of hand-operated stokers may be mentioned the Huber, 
National, Auburn, Files and Budd. 

Hantoal Stokers, — Continuous feeding of the fuel and uniform 
if the volatile matter in the presence of oxygen are the 
Pijiiellow for officient and smokeless combustion, and it is for 
H (hel mechanical stokers, as a class, are more effective in pro- 
Mmbuation efficiency and in preventing smoke than any ap- 
pwnied by intermittent firing. In addition to increased 


results than the smaller sizes, as the latter are apt to fall # 
the upper grate before being even partially consumed, and when 
the case efficient results cannot be obtained. If carefully manipt 
this furnace, with fire-tiled tubes as illustrated in Vig. 119, gi 
factory boiler efficiency and smokeless combustion, but its © 
capacity is limited. i, the fire tiling, smokeless comb 
i nly at light loads. f 
oo sce peadieng furnace is remarkably successful on low rates 
bustion, 10 Ib. per sq. ft. per hr. or less, and is used extensively for 
loads, It is not much in evidence in high-pressure plants. 
107, Hand Stokers. — Automatic mechanical stoking is unq 
superior to hand stoking in so far as heat efficiency and 
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efficiency, they effect a saving in labor and a gain in pean " on 
Mechanical stokers, particularly those of the forced-dra . vem * 
of responding promptly to high and sudden overloads, 0 i one 
to full steaming capacity from a banked fire or cold grate in a : 


short time. 


fan burn economically, while others have a wide field of application. 
moh fuel and set of operating conditions, there is a stoker and furnace 
Hynent which will give the best commercial return on the investment; 
the problem of selection is not always a simple one, as is evidenced by 
Hiinber of changes made from time to time in the furnace equipment 
we of our most modern installations. The following outline gives a 


TABLE 33 fieation of a number of well-known American mechanical stokers: 


SETTING HEIGHTS FOR VARIOUS TYPES OF BOILERS EQUIPPED Li STOKERS 
(Min, = absolute minimum; P.M. = preferred minimum, i.e., the minimum heights recomm 
in, = ; 


TRAVELING OR CHAIN GRATE 
(H. F. Lawrence) 


Natural Draft 












Forced Draft 
Type of Stoker to be Installed ® Wilcox Laclede-Christy Coxe Harrington 
McKenzie Illinois Babcock & Wilcox 
Multiple| Side | Front Playford Stowe Westinghouse 
oe i On i > a 
feed OVERFEED 
i i ey ea ee Prontfeed Sidefeed 
‘Typo ot Boller Wasting Jones | wurphy Wilkinson Murphy Model 
seg Type E eae ey | Roney Harrington ‘‘King Coal” Detroit 
ec) 
— |—— + |. UNDERFEED 
g = g a g = g ° g A: g 4 Mingle Retort Multiple Retort 
|_| |_| | Roach Riley Westinghouse 
a Moloch Taylor Detroit 
Water-tube: 10’ | 12° | 10" | 12"| 8” | 10"| 8” | 11’ | 8°] 10" 10’ | 19") 


Horizontal. ......-.+cceeeeeerersereeees 
Inclined (Hor. M.D.)....+-- mates 
Inclined (Vert. M.D.)......-++ BY tig 
Vertical (Hor. M.D.).....+-++++eererers 
Vertical (Vert. M.D.)....+-++e+essseeee 


| Jones, A.C. Moloch 
7| 9’| 6 | 8’| 6’| 8’| 5] 7) 8 8’ i: al sbi 
5/ 6’ 5/ 6’ 3’6"’ 5! 3'6"" 5/ 3'6"" 5! 3 6 ri 


Dayton 
lL ar| ge] ar} ar] ae] ae] ar] at] ae] 8 > 





Cy 






46"’| 5” |4’6" 5’ |4’6”’ 5’ 13/3"... 3/6146" 4’'" 


| See arena "or" 5 oe ee tal HPangoment of the various groups of stokers with reference to 

Mac 555 3seh snd bu opabentoness as wad, Bg) otelver.yarlarerlant Hinerelal adaptability to the burning of the different classes of 

5OO-bp..... +--+ A A iplaa lve is nesatisfactory, because of the great variation in the size, 

ca ig % fi bias Re 8’ | 10" | 8°) 10" | 7” | 10° fe 4 a a ; wi aeh content, and composition of any particular class of fuel. 

BAIN... eee cee eeeesee ener eres eeeeee ees cod bess baat Oi whility to burn fuel is not an index of the commercial success 

fy ejuipment, since such items as first cost, maintenance, dis- 

Darinrrions or Serrive Hiants ff wh and clinker, capacity, fuel burned in banking, and ability 

Hiden changes in load, must be given proper weight. 

Water-tube, horizontal.......-.+.6-sresseseees pas sch Medeor deleennnto pra alclraft chain-grate stoker is highly successful in burning all 

nha age aa ee ae seitans mud drum: floor line to top of mith Male which do not require agitation, such as the middle western 

Water-tube, vertioal........ssesscsererneroerers Horiontal mud drum: Soo ae til | " feel, aultation during ignition frequently results in the formation 
Horizontal return-tubular,........seeeseereees Floor line to under side of shell 


hile elinker, particularly with coals having low-fusion-point 
/ and other coking coals may also be satisfactorily burned 

fall chainegrates provided with agitating plates, or with 
oheliegrates where a high temperature can be maintained at 
# the furnace where the fuel enters, These coals, however, 


i i f solid fuels to 
Any stoker will burn practically all classes 0 
‘ahew but no stoker is a commercial success with all ro 
types of stokors are limited to a narrow range in the grade 
| 


a ee 
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226 STEAM POWER PLANT ENGINEERING 
better adapted to the overfeed and underfeed stokers which provi th wn endless chain of grate bars. The chain is carried over sprockets 
suff s De scidele to keep the fuel bed broken up in a uniform and pé¢ the front and rear ends of the truck and is guided and supported by 
saiten River coal, small sizes of anthracite, culm, coke breeze, Hable guide rails or-slides. In the older designs, the driving mechanism 
° 1, and him ade dibwhinous coals have been satisfactorily burned ¥ jwiele of a gear train actuated by ratchet and pawls, the arm carrying 
dl draft es: grate stokers, and many installations of natural-c latter being given a reciprocating motion by an eccentric mounted on a 

“# x 7 . ry . . . 

stokers are giving excellent results in burning lignites and the hight shaft, The line shaft may be driven by any type of engine or motor, 
‘, Montana, Wyoming, Alberta, the speed of the grate (1 to 12 in. per min.) regulated by varying the 
ture-and-ash coals of Iowa, Colorado, Mo » Wy &, ay ihe of the arm carrying the pawls, or by varying the speed of the 






































Saskatchewan. 
Properly installed overfeed stokers of either the frontfeed or sid 


type are adaptable to almost every variety of bituminous fuel and 
been used successfully with lignite and various other fuels mixed with 
such as tanbark, wood refuse and coke breeze. Coals of low ash ¢@ 
do not produce an ash layer of sufficient thickness to protect the 
bars, and careful manipulation is necessary to prevent the metal 
burning. Ignition arches are necessary with all-natural-draft ove 
and, at high rates of combustion, the fuel is apt to avalanche and 
siderable annoyance is experienced with clinker because of the high 
peratures under the arch. Overfeed stokers are not much in evid m 
the large modern central station. 
All underfeed stokers are well adapted for burning high-grade ¢ 
and low-ash free-burning coals, and the great majority of the m 
eastern power plants are equipped with stokers of this type. Unde 
stokers of the self-cleaning type are used to a limited extent wit 
high-ash free-burning coals of the Middle West but are not as satiaf 
as the chain-grate. With proper furnace construction, underfeed 
may burn small sizes of anthracite or culm when mixed with @ 
percentage of bituminous and lignite, but the forced-draft ch 
appears to be the better investment for these fuels. 

Setting heights for various types of boilers equipped with sto ; 
specified by H. F. Lawrence," are given in Table 33. 
Stoker Equipment and Furnaces: Report of Prime Movers Committee, Ny 
1923 (Part B), p. 126. 


Vie motor. 





Coxe Stoker Installation. Calumet Station, 
Commonwealth Edison Co. 


109. Traveling or Chain-grate Stokers.— The chain-grate sth 
one of the most popular forms of automatic stokers for burning 
sizes of free-burning coal from the Central States, and is highly suds 
in burning lignites and many classes of low-grade coals which do 
quire agitation during the distillation process. While differing in 
of construction and in method of driving, the various types of eh 
stokers, natural or foreed draft, are basically identical in gen 
The stoker proper consists essentially of a wheel-mounted truc 


1 The Design and Operation of Underfeed Stokers: Trans. A.8.M.E., Vol, 


milive apace between the chains. 
mie or both sides to a common air duct. 


“| with, and the driving motor is geared to the grate. 

, & variable-speed motor, or a constant-speed motor actuating a vari- 
' jwod transmission device, is necessary. The power required to drive 
Hing grates is very small and ranges from 1 to 15 hp. depending upon 


In the new designs, the line shaft and eccentric are dis- 


In the latter 


the size of stoker and 
rate of feeding. In 
the majority of the 
older _ natural-draft 
designs, air flows 
through the. entire 
upper and lower chain 
as in any stationary 
grate, while in the 
newer types, the flow 
is regulated by a series 
of independently con- 
trolled dampers placed 
immediately below 
and traversing the 
rear half of the upper 
chain. In all forced- 
draft types, air is 
forced through the 
upper chain only, the 
flow being distributed 


fiber of separate compartments, each under damper control, occupy- 
These compartments communi- 


In some designs any 


nent ean be operated on forced or natural draft or closed oft 

I) all chain-grate stokers the resistance of the fuel bed de- 
toward the rear end of the grate. With the multi-compartment 
type, the air pressure can be regulated to meet the variation 
wad thereby effect proper combustion with minimum air 
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excess. As pressures higher than 2-in. of water are seldom necess 
the power requirements for forced draft are less than with an underf 
stoker of the same capacity. Air leakage around the sides and back 
of the chain and air excess through the thinner fuel bed at the rear of 
grate is guarded against in several ways. Leakage around the side 
reduced by adjustable ledge plates imbedded in the side walls and m 





CRA 


Fig. 122. Illinois Forced-draft Chain-grate Installation for Burning No. 8 — 
Buckwheat Anthracite. ' 


‘a rubbing seal with the stoker chain. In some forced-draft installath 
water boxes are imbedded in the side walls immediately above the gf 
so as to prevent the formation of clinkers. Air excess through th 
end of the fuel bed is reduced in some natural-draft designs by 
sertion of sheet-metal dampers or baffles below the upper chain, 
others by a water back which compresses the fuel bed, making the 
portion denser than the front. In the forced-draft type, the supp 
air to each compartment may be controlled to meet the correspom 
resistance of the fuel bed, and in case of a short fire the draft may } 
off entirely. Leakage around the end of the chain is prevented by & 
back or by swinging dampers and stationary baffles or seals. The 
back also presents a water-cooled surface to which clinker will not 
eliminates burning off the bridgewall, retains the incandescent ¢ 
the grate until it is more thoroughly burned, and decreases furnace 
tenance. Water backs usually form part of the boiler-heating 
since the heat absorbed by the water in passing through the box 
1 1/2 to 5 per cent of that absorbed by the entire boiler, but 
cases the cooling-water supply is independent of the boiler, ' 

All chain-grate stokers require an ignition arch for thie double p 
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Fig. 123. Green Natural-draft Chain-grate Installation. 
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of igniting the incoming fuel and directing the products of combu 
into the lower portion of the heating surface of the boiler. The 

of the arch is dependent upon that of the grate, but the weight, ler 
and slope are functions of the desired rate of combustion, percen 
of volatile combustible in the fuel, calorific value of the fuel, and 


however, usually 
1 teilation during 
Wiltion stage be- 








~ stoker length. While general rules are available for approximatin 7 Bf tho swelling 
correct. proportion of ignition arches, they should be conn Baine action of 
for preliminary layouts because of the great number of variables Siindor the igni- 


included in these rules. Stoker manufacturers are in a position t0 


Hh, and for this 
the natural- 
é hili-grate is not 
\iilons provided ,, 

es ly under the 
the arch. Com- 
Malon up to 40 
my, fl, per hr. 


oe ft % 






























We Fear xa meoured with 

| " iwement, but, 

G +e thin rate, the 

Ze — lima increases 

A \ mid burning 

ae: | ff fL___sitting Hopper __ wrote sur- 
eee Sete 





ieee serious. 


Fig. 124. Harrington Forced-draft Traveling-grate Installation for Burn 
Coke Breeze. Longitudinal Section. 


nish specific data and they should be consulted before adopting 
final design. The curves in Fig. 126, compiled by T. A. Ma hy 
some idea of the relation between the length of arch and ignitic a 
for free-burning bituminous coal containing 25 per cent volatile w 
Dimensions of arches and furnaces for burning a few classes of 
with chain-grates are given in Fig. 121-125. It will be noted 
length of stoker as usually installed is such as to require a furnace 
sion beyond the front line of the boiler wall. 

Tho chain-grate burns coal progressively and the operation is 
automatic, The green fuel enters the furnace at one end, passes 
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Ywrious stages of combustion, and ash is discharged from the furnace 
he other end. Since the fuel and chain move together there is no 
Hien of the fuel bed, an ideal condition for free-burning fuels. Caking 
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Stirling Boiler 
Boiler Heating Surface 10,012 Sq. Ft. . 
Furnace Volume 500 Cu, Ft 
Grate Surface Sq. Ft. 
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Fra. 125. Harrington Forced-draft Traveling Grate. 
Side Sectional Elevation. 


Mit chain-grates burn caking coals satisfactorily without agita- 
te the fuel bed can be increased to the proper thickness and 


the air supply regulated so as to maintain 
a high temperature where the fuel enters 
the furnace. This permits combustion 
of the volatile matter without caking of 
the solid particles, 

Natural-draft chain-grates are gener- 
ally installed where the capacities de- 
manded to meet the station load are 
within range of the natural draft avail- 
able and where the load demand is © 
steady, or where peaks can be antici- 
pated sufficiently far ahead to permit 
building up furnace conditions to meet 


‘if combustion of various fuels with chain-grate stokers 
40, Several types of stokers with furnaces for burning 
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different classes of fuels are shown in 
125. See also paragraph 78. 


The Development and Use of the Modern Chain Grate: T. A. Marsh, Trans. A. 


Vol. 44, 1922, p. 773. 
Burning Slack Containing Excess Moisture: Power, Apr. 2, 1918, p. 472. 


Peak Loads on Chain Grate Stokers: Power, July 1, 1919, p. 20. 

Burning Lignite on Forced-draft Chain Grates: Power, De 

Stoker Equipment and Furnaces: 
Part B, 1923, p. 127-137. 

Burning Sawmill Refuse on For 


110. Overfeed 


an ignition arch, an 
grate bars aided by gravity. 












general detail in Fig. 122 an 


c. 16, 1919, p. 798. 
Report of Prime Movers Committee, N 


ced-draft Chain Grates: Power, Oct. 16, 1923, 
Improving a Chain Grate Boiler Furnace: Power Plant Engrg, Mar. 1, 1924, 


Stokers. —In stokers of the overfeed type, 
pushed in automatically at the top of a sloping grate, coked by the 
d fed downward progressively by the movement 
Ash and clinker collect at the bottom, 
they are crushed by rolls or dumped. Overfeed stokers are used 
; grades of 
are quite 
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ignition and distillation take place. The coking grate, driven b 
#onnection to the pusher, moves the coal on to the ren ae 
the sawing action of the movable bars causes it to travel jou 
the incline to the dumping grate. When sufficient ash has rad 
Hated on the dumping grate, a lever is thrown from the front and 
i» discharged into the ashpit. The coking grate contains a ver 
PehHentage of air space, the upper part of the main grate a soul 
aie” yeh sm part still less, and the dumping grate a very 

footage. Other well-known 

rains, makes of the frontfeed type are 
Roney stoker, the grate bars are placed horizontally to the frame 
I A norion of steps. Each step is rocked back and forth between a — 
| position and an inclination toward the back of the furnace, th 
the burning fuel downward from step to step. aus 
Wilkinson stoker, the inclined grate bars are hollow and are 
aldo by side, every alternate bar being movable. When in 
tiere in a constant sawing action of the grate bars. A small 
js Intvoduced into the end of each hollow grate bar wail induces 


F 
fsa in the older i i 
e aie 4 of the air required for combustion. This stoker is intended 
a oly ee ower 7 4 Z the i te rning of fine anthracite coal. 
- fe spt ee 4 ” ' “a | stokers are of the natural-draft type and are sel- 
Min 3 ee (1 at more than 200 per cent of rated boiler capacity. The 
fe eee ail Reagan overfeed stokers are exceptions and are intended 
eee fw foreed draft. Boiler ratings of 350 per cent have been real- 




































the foreed-draft type when burning a good grade of bituminous 


ie re RZ pended 
CLL: Ye os Lg SSL Wy 
Coe PAW SSy77,_—used ‘for Studi 
~ is "Ak Boe and cokings 1m Bows longitudinal and vertical sections through a Harrington 
are ta mitomatic stoker as applied to a 72-in. by 18-ft. horizontal 
IRE a3? Ms of overfaal hai gp . rsp be operated either as a forced-blast or 
5 ; woker, and is designed for bituminous or ligni 
Fic. 127. Wetzel Overfeed Stoker — Sectional Elevation. te ae four aleps in the grate surface, arranged hag he 
: W food plate wit ‘ ; * 
slope from the front to the rear of the furnace; and the sidefeed, . ‘ | eh ae Wi gyiaa ind inet 
wi . 10 Te e Tuel on to i 
wert ar ae Supe from the side to the center of the furnace) : Hoon alep is stationary; the third step recipedeates ea 
: firth step also is stationary. The various steps are formed 


The Wetzel stoker, 
frontfeed class. It consists 
arranged the coal hopper, 


dumping grate. Every alternate grate 
and the intermediate bars aré stationary, 
from which it is automatically pushed to the dead plate and 


Fig. 127, operates on natural draft and 
of a cast-iron front on the outside of 
driving mechanism, and regulators; 

side, a frame upon which are assembled the coking grate, main 
bar of the main grate if 
Coal is fed into 










twwily removed, having 10 per cent of air space.’ Being 
Healing service, this stoker is independent of high-pressure 
ilviven by an hydraulic or electric motor, and the forced 
Pejuired, is provided by a motor-driven fan. The fuel 
hopper toward the rear over the successive steps, the 

1 from the rear, or fourth step, on to the aah ex- 
& plate which reciprocates adjustably and causes the 
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ash to work forward and finally fall over the front end into the pit. 
speed of this plate is so adjusted as to.keep the throat full of ash at all f 
thus automatically sealing the ash exit against the admission of air. 
device is built in sizes from 4 to 40 sq. ft. and costs but little more 
a high-grade hand-operated stoker. f 


iiwh furnace temperature, considerable manipulation by the fire- 
frequently necessary in clearing the grate of clinker. 


1 Ntohkers of the Inclined Type: Trans. A.S.M.E., Vol. 44, 1922, p. 787. 


Wderfocd Stokers. — Underfeed stokers utilize the gas-producer 
(ireen coal is fed to the lower layer of the fuel bed and is 
ly ished up and coked, giving up its volatile constituents and be- 
iieandescent by the time it reaches the top layer. The ash or 
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Fig. 128. Harrington ‘King Coal” Stoker. 


The Murphy, Model, and Detroit stokers are of the sidefeed id 
operate with natural draft. The Murphy stoker, Fig. 129, is in 
Dutch oven equipped with an automatic feeding and stoking 
Coal is introduced either mechanically or by hand into the m 


Ita. 129. Murphy Stoker and Furnace. 


ts foveed to the side or back of the fuel bed, where it is removed 


hwnd or by manually manipulated, or power-actuated, dump 
each side of fhe se sininil ene abalt the rate and dessa ‘ilevfoed stokers have practically supplanted all other types in the 
upon the coking plate. Reciprocating i a Ce e and pivot tiie central stations burning eastern caking coals. The tendency 
the grate bars. Every alperpe: § ore * 1 motor ot engine, ¢ pon! Lo awoll augments the action of the stoker in producing a fuel 
upper end. A rocker bar, driven by ar RY the Hein! thickness, and the pushing action of the feeding mechanism 
lower ends to move up and ag oe " fn ieee and ash ia § hed broken up and porous. The high fusing temperature of 
prnev ee ‘ wea fo: Sa Preheated air is supplied ‘) the low ash content of the eastern caking coal combine to make 
as shown at the bottom o . . 


tw periods infrequent and of short duration. With these coals, 

we of 450 per cent have been realized during peak loads. All 
ie are essentially forced-draft stokers, since they operate with 
¢ openings and very deep fires. Other grades of bituminous 
heen burned successfully with underfeed stokers, but con- 
eully is experienced with clinkers from the low-fusion ash 


oal through air ducts in the arch plate, and the speed of th 
nc yor a bars can be regulated to conform to any rate | 
bustion, Stokers of the sidefeed type are characterized by 
per foot of grate area and an ample combustion chambe 
careful operation, they operate smokelessly with free-burning 
the Middle West, up to 200 per cont of rated boiler capacity. 
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variety. Small sizes of anthracite, culm, and coke breeze have als 
burned with some success when mixed with bituminous coal. Uné 
stokers as a rule require no ignition arches. There are two general | 
of underfeeds, the single retort and the multiple retort. In prac 
all the former, the retorts are horizontal, while, in the latter, the 
inclined. 

Figure 130° shows the general principles of the Jones “ Stan 
underfeed stoker, illustrating one of the earliest and still extensively 
designs of underfeed stokers of the single-retort class. It cons 


. ‘The only variable element in the operation of this stoker, once 
Prrectly installed, is cleaning of fires, but if the fireman is careful to 
flown the coals before breaking them up, the production of smoke 
fw avoided. When the fires are being cleaned, cold air rushes into 
Hive and cools the setting. 

/ wud newer types of Jones underfeed stokers are the “ Side Dump,” 
"wnd “ Lateral Retort.” The side dump differs from the “ Stand- 
Wily by the substitution of sloping grate bars and hand-operated 
fate for the hand-cleaned dead plates. This arrangement greatly 
the labor of cleaning the fires. The “ A-C” stoker is of the 
fetort class and comprises a number of horizontal rams, inclined 
Mationary overfeed sections and single dumping plates. The 





| si | Rotort ” consists essentially of two “ A-C” stokers placed 
> Has oie lek in such a way that there is one main retort extending from 
o " __ ype eso { wall of the furnace to the bridgewall, with the lateral retorts 
oi PN m off this 


H Welort at right 
The “Lateral 
Ps particularly 
1 boiler units 
10) (6 600 hp. 
Wellin duty 
a stoker, 
1, ® another 
i example 





Fria. 130. Jones “Standard 


i. 



































’ Underfeed Stoker. 





steam-actuated ram with a fuel hopper outside of the furnace pro’ 
a fuel magazine and auxiliary ram within. Air for combustion is 
through openings in the tuyere blocks on either side of the reto} 





Fia. 131. “Type E ” Stoker — Front Sectional 


is fed into hoppers and forced under the bed of fuel in the stoke Aliulo-retort Elevation. 

where it is subjected to a coking action. After liberation of the ) thin wtoker the coal is fed by coal-conveying machinery or 
gases, the coke is pushed toward the top of the fire. The top of into the stoker hopper and carried under the fire by 
nearest the boiler, is always incandescent. Each charge of coal the reciprocating sliding bottom of the retort which runs 
an upward and backward movement forcing the ash to the “ dead lonuth of the retort. The coal is delivered uniformly from 
on either side of the retort from which it is removed by hand, fear by euxiliary pushers, and, as it rises in the retort, it is 
no live grate bars and hence no need of an ashpit. Air is admitted } ty the arches of the furnace by means of moving fire bars. 


the tuyere blocks at the point of distillation of the gases. The 
size of the retort is about 6 ft. in length, 28 in. in width, and 1 
depth, and experience has shown that other sizes are not nece 
the spaces between retort and side wall of the various furnacel 
provided for by extending the width of the dead plates. One 
stokers are installed in each furnace, depending upon the capad 
boiler and the width of the furnace, The steam pressure aute 
controls air and fuel supply, proportioning them to each oth 
varying loads in the correct degree. The result is that the 
correctly installed and operated, effects complete and sme 


harm move the burning fuel to the dumping tray along each side 
the resulting ash is deposited. The trays are dumped by a 
| lever on the outside of the furnace front. The coal-feeding 
f yelort varies from 200 to 9000 Ib. per hr. Single retorts are 
Hlere ranging from 100 to 600 hp., double retorts from 500 to 
(| triple retorts from 1000 to 2400 hp. Single-retort underfeed 
#! Yequire large ashpits and ash tunnels below the boiler-room 
¥ we particularly adapted to installations in which more than 
placed in a battery, since side doors are not necessary to 


a é —_ 
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Move the tuyeres, and, as the green coal works upward and back, it 
ly coked by the heat of the fire above. The air and gases arising 
}) the bed of incandescent coke are thoroughly mingled and burn 
Hii Intense, relatively short flame. As the coke is consumed, it shrinks 
Werke slowly downward, aided by the movement of the pushers under- 
_ Combustion of the coke is completed on the overfeed section or 
Hi) grate, from which it is forced to the dump plates. This stoker 


Figure 132 shows a general assembly and Fig. 133 a sectiona 
elevation of a Taylor “ Type H ” underfeed stoker illustrating the 
multiple-retort type. The stoker consists of a series of alternate 
and tuyere boxes inclined as indicated. Each retort is fitted with 
ciprocating piston or ram for feeding and a number of auxiliary J 
plates for distributing the fuel; it also has a movable extension 4 
completing the combustion, and a dumping plate for ash disposal. 
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Pi 108. Taylor “Type H” Stoker —Side Sectional Elevation. 





\ Halll tn any furnace depth from 7 ft. 8 in. to 19 ft. In the latter 
2 G 1 Assembly of Taylor “Type H” Underfeed § Mesinum fuel-burning rate would be approximately 2500 lb. 
Fia. 182. eneral Assembly of Taylor oki 


1) “ivow a sectional side elevation of the new model Westing- 
Heyfeed stoker, The device consists essentially of downward 
yee, etutionary underfeed section, downward inclined adjust- 
avy rams, reciprocating overfeed section and side-controlled 
Hii grates. This stoker uses forced draft for its operation, 
WH) eipply is controlled from the front. Air is admitted through 
“ipporting the front wall, to the underfeed section through 
, to the overfeed section, and to the front and rear dumping 
fear dumping grate is replaced by a clinker grinder, where the 
Wf the fuel and the load conditions warrant this procedure. 
ml lations" where loads are uniform, clinker grinders are 
Hlleable, but where extreme flexibility is desired the dumping 
rable, 
 Mtandard” underfeed stoker, Mig, 135, is of the multiple- 
#0 incline of about 20 deg, Instead of stationary tuyeres, 


extension grates are slowly reciprocated by the same mechani 
moves the auxiliary pushers, and the dump plates are dropped WH 
by a steam cylinder. The rams and feeding system may be op 
any type of engine or motor through the conventional crank 

and gear reduction boxes or by means of hydraulic cylinders, 
draulic drive has the merits of extreme flexibility of control 
plete elimination of breakage due to foreign matter in the coal, 
able-delivery, reversible-discharge type of pump, driven by i 
motor, is used to actuate the stoker. The “ Type H”’ stoke 
equipped with rotary ash discharge or clinker grinders wher 
The operation of the stoker is as follows: Coal is fed into the } 
drops behind the feeding rams. These rams push the coal 
of the retorts, crowding upward the fuel previously introduce 
the green coal moves down the retorts and is pushed into th 

adjustablo-stroke distributing pushers, ‘The fuel bed is from 
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it has moving, air-supplying grate blocks, carried by the reciproe: 
These retort sides also move the overfeed gr 
which extend across the entire width of the stoker below the retorts. 


sides of the retorts. 










Front above 
this line (N) 





tort ul TH 
Maen Observation Door and 
hacia Angles (F) 
, [es 


~ 
=> 














,Main Dampers and Lower 
Division Dampers are 
operated by separate 
Mechanisms, 


Sprinkler Pipes (N) 
Fic. 134. Westinghouse ‘‘ New Model ” Underfeed Stoker. 
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actonecacin 
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per for Regulating 
Air Air tor fot Overfeed 
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djustable Opening ee 
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Fia. 135. Riley Standard” Underfeed Stoker, 


yond these are the rocker dump plates which continuously 
and discharge the ash. The travel of the reciprocating parts in 
so as to control completely the movement of the fuel bed 
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‘ Nospecial shape of wind box is necessary, since the air chamber 

wl by the boiler side walls and any convenient floor. Air and fuel 
Wy tinny be controlled either by hand or automatically. In the older 
#ations with large boiler units, it was general practice to use two 
luv’ stokers placed opposite each other, so as to permit operation 
) PApacity, but the modern tendency is to install but one stoker of 










eee 












 eazerrrararg: 
varrvarsr A 





"a, 186, Typical Installation of Riley “‘Super’’-Stoker. 


Mapacity to carry the load. These large stokers are frequently 
| @uper-stokers. An application of a Riley super-stoker to a 
® W, boiler is shown in Fig. 136. 

went Operation of Underfeed Stokers: by H. F. Lawrence, Trans. A.S.M.E., 
TW) 707; Power, Sep. 9, 1924, p. 401. 

eal Operation of an Underfeed Stoker: Power, Jan. 31, 1922, p. 179. 

‘where and Midwest Coal: Power Plant Engrg., Feb. 15, 1924, p. 226. 


her Drives. — In order to meet the variation in steam demands, 
the changes in rates of combustion, all stoker drives must be 
Hf speed variation, The variable-speed mechanism may be in- 
| ii the stoker itself; it may be independent of the stoker but 
the connecting link between the stoker mechanism and a constant- 
wor engine; or it may be a variable-speed motor or engine 
iiweted to the stoker shaft. Because of the low speed of the 

‘| stoking mechanism, there is usually a fixed speed reduction 
driver wnd stoker shaft, The power requirements are very small 
1) | hp, or less in the smaller sizes of chain-grate stokers to 
in the largest designs of underfeed stokers equipped with 
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ation and installation and wide range of | yoquire ; 
variation, the single-cylinder piston engine, direct connected, geare a Pook 10 sie 4 seine fuel from railroad cars, 
belted to the stoker shaft, is the simplest an Dunkors, differs in Seat ; Be from storage pile to boiler- 
tainable provided the station heat balance permits of its use. vod plant. ‘This is ve rere e corresponding portion of a similar 
— pti have also been used in this connection but only to & Billa, ond pick points, by wai fo a of saaick iron, such as 
imited extent. of the ’ > arators, and the crushin; 

In the modern central station the stokers are usually driven by ale on te ound ris 109 sep Pte preliminary odtialilge 
motors. Direct-current motors lend themselves to efficient speed Be tho exact size de we ed in sizes less than 1.25-in. to 0.5-in. 
tion within rather wide limits and are to be found in many of our] Bad wroon fuel at or sg ing upon the type and size of mill. If 
plants. The principal and only real objection to the use of direct- pent of extraneous moi “ sai temperature contains less than 1 
motors is the matter of direct-current generation. In alternating-@ Pepned to dry air at mies a (that which is driven off when the 
stations, direct current is obtained by means of direct-current Hawod by the U. 8 faced ures ranging from 86 to 95 deg. fahr. 
turbo-generators, synchronous converters, motor-generator sets, ane Mie ancallo >: Saat of Mines as “ air-drying loss ”’) in 
few cases, from a small direct-current generator mounted on the ¥, wnd the granulated mate ah moisture," no artificial drying is 
the main turbine shaft. In most of the new installations, direct ¢ Miieen-fuel bins or storage sting A ai 4 the grinders directly 

. rent free moisture does not 


Because of its ease of oper 


is used at 230 volts, since it is easier to build adjustable-speed moti HY With the operation of grindin tee b 
230 volts than for higher voltages. ‘The ola: wea . Baboon heated to such a slashes dadi doa feeding, unless 
ists of a protective panel } Wilwoquently condensed upon avoling wach ail odd 18 andl 

: per cent o 


current motors for stoker drive cons 
overload and low-voltage protection an 
With alternating-current motors, spee 


ds dm oe (wolwture will reduce the capacity of any pulveri 
ihlerfere with the conveying and feeding of the noite penis 
red product; 


(1) A constant-speed motor with a mechanical speed-changing fie Customary to dry al : . 
: sags y all fuels in wh . 

such as a gear box or a variable-speed transmission, such as the The wmount. The maximum eo 5: Ale i moisture 
WR : oisture ”’ (a in- 

Hined from the proximate analysis) for economical It: amy? 


tor with 2 to 1 speed control by resistance in { 
giving a total speed range of 4 to 1, 
tor giving speeds corresponding 

bo ki total ral | Per Cent r 
gear box making & ran dna A Cophae Raia re. m 


(2) A wound mo 

ondary and a 2 to 1 gear box, Ie le eubstantially as follows: 
(3) A 4-speed squirrel-cage mo : 
12 and 16 poles, with a 2 to 1 ratio 


fixed speeds. 
(4) A 2-speed wound rotor motor giving speed of 1200 to 600 rp 


pole changing with speed control by secondary resistance, thus Ob 
a total range of 300 to 1200 r.p.m. 
Alternating current for stoker drives is us 


Jan. 31, 1922, p. 166; May 20, 10% 
Power, Dec. 6, 1921, p. 888, 


PAT Hii 3-10 6 


| 
2-8 4 Lignite 5-15 1 
1-3 2 Peat 6-15 2 








siletly applicable onl 
| » only to the central i 
ually supplied at 440 | Preperation of the fuel is centralized and det pe et 
Driving Power-house Ausiliaries: Power, 1) (he unit system, where the fuel is wgaied ca sae 
e 
) ts ‘nade for storing the dust, preliminary drying is ordinarily 


Relation of Auziliary Drives to Heat Balance: 
Control for Power Station Auxiliary Motors: Power Plant Engrg., June 1, wih 

581; Power, May 13, 1924 . 761. 
; , May 13, »P ® for sleam power purposes are usually of the rotary-kiln 


A. C. 0s. D. C. Motors for Stoker Drives: Power, July 3. 1923, p. 8. ie of itl 
ti of either a single or a double shell fitted wi i 
thy , with suitable 
ul ala i Mile i ae oy Paine (o pormit of rotation about the longitudinal axis.2 The 
Wf elope of from 1/2 to 8/4 in, to the foot and so arranged 


in the open market in powdered form, and custom pulverizing P 
equipped to grind lignite, peat, and other fuels upon special ¢ ’ w letermined from the proximate analysis less “air-dryi ” 
usually more economical to prepare the powdered product in- ior being quenlenied by the Ba hest or fue ok tae the 
The on of the , Hy shonin bled from the mai , 

portion of the pre NilitwA., Hope, 198 : “" toured unit, See Report of Prime 


113. Powdered 


plant at the point of consumption. 
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y (ho fuel has been crushed and dried (if necessary) it is conveyed 
awe or directly to the mills where it is pulverized. 

linor the particles of fuel the more readily will they burn, and the 
jood be their path in the combustion chamber before oxidation is 
fe; but the cost of grinding increases very rapidly with the degree 
jw, and a point is soon reached where the gain is offset by the 
wal cost of preparation. In modern boiler practice employing the 
wy storage system, the following divisions of mesh appear to be 
ive of economical results for all fuels: 


that the fuel being dried is subjected to the ong of me se di 
i i tly fired furnace. e pro of 
combustion from an independently nace ) : 

i ide of the shell (indirect heating), thro 
bustion pass around the outside o - 
shell and fuel (direct heating), or both around and throne 

ending upon the type of dryer. In order to prevent overhea ing ¢ 
fuel in the directly-fired type, the products of combustion fa he 
furnace are heavily diluted with air so as to lower _— a 
ing to its slope, forces 
hell rotates at 1 to 3 r-p.m., and, owing t | 
paacais from one end to the other. It requires from 30 be 50 


through the shell. . - 65 per cent through 200 mesh 
ewig x Sade a general assembly of a Fuller-Lehigh dryer : 92 ge 100 “ 
ing the single-shell, indirectly-fired type. The cycle of operatiall 9 * on Wa..| Cane 
burning Illinois screenings is also shown. The Bonnot dryer 18 100 “ “ 50 « 


known example of the single-shell, directly-fired type and the 
Coles “‘ Class A”’ of the double-shell, directly-fired type. Pe 
The total heat required to dry the fuel depends unett , 7 
moisture to be removed, the heat absorbed by the fue oe a 
through the dryer, the temperature difference between the al 


are various types of grinders on the market, depending for their 
jon shearing, attrition, crushing by pressure, crushing by impact, 
pations of the above. The fineness of the product is controlled 
tole of food of raw material, screening, air separation, or combina- 
these mothods. A description of the various machines, involving 


ol: Hn, sereqpings #1 principles of grinding and separation, is beyond the scope of 
Bate pet Joe 11,45 sul only a few of the more commonly used types will be discussed. 
‘emp. . . 


114 shows a section through a Fuller-Lehigh Pulverizing Mill 


































athe » the ball and race type of grinder with combined air and screen 
RS = » ‘lho pulverizing element consists of four unattached steel 
ean BS E yh voll lo a stationary, horizontal, concave-shaped, grinding ring. 
02 aes #/e propelled around the grinding ring by means of four pushers. 
tact ae Syst taterial fed into the mill falls between the balls and grinding 
hal at wuiform and continuous stream, and is reduced to the desired 
3 rita a ca aa iW one operation, Air is drawn into the mill at the top and, 
Mechanism Pintet a arucs re in, Evaporation; 4.6 Ib. per tb, of @oat 


‘downward through the center of the upper or separating fan, 
the pulverized particles and lifts them into the chamber above 


Diameter 
Capacity: 18 tons per hr. 


Fic. 137. Fuller-Lehigh “ Indirect ” Coal Dryer. 


HM Rene ‘The lower fan acts as an exhauster and draws the dust 
, . fiiiehing sereen, which completely encircles the separating 
bustion leaving the dryer, , " shite ; ‘ 
the ee iy . prone ae efficiency (ratio of he The material leaving the separating chamber is drawn into 
tion, and other minor . : : 


lwwwing, from which it is discharged through a spout by the 
lower fan, All the powdered product is discharged from the 
{ eondition and requires no subsequent screening, sizing, or 
Mpwod of rotation 130 to 450 r.p.m.; the lower speeds for the 
Other well-known makes of mills for pulverizing fuel 
1, Bonnot, Stroud, Allis-Chalmers, Kennedy-Van Saun, 
Mille of this general class require from 10 to 25 kw-hr. 
| product, depending upon the physical properties of the 


lied to that supplied) of the modern coal dryer Mn 
ge Jeg cent. This is on the assumption that then . 
the dry fuel itself is considered ‘“ useful. The overall ¢ ‘ 
of heat required to evaporate the water only, to that Te _ ) 
from 50 to 70 per cent. A rough rule is to allow 6.5 to Ae: . 
per Ib, of coal as fired, ‘The power required to operate ary 
from 1.01.5 hp-hr. per ton for small machines having a capacty: 
per hr,, to 04 hp-hr. per ton for machines of 25 tons capacity p 


” ra 
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of rotation for the smallest unit, 1800 r.p.m.; for the largest, 720 
| sive of driving motor, 15 hp. for the smallest unit and 60 hp. for 
ent, The Aero Pulverizer, Stroud, and Pulverburner are other 
fwwn examples of high-speed impact grinders intended primarily 
All unit installations.! 

Powdered-fuel Feeders, 
and Burners. — There 
iy successful systems for 
, tixing, and burning 
fuels, but they overlap 
an extent that a simple 
tion is impossible. In 
| wnit’”’ systems, grind- 


fuel and the degree of fineness desired. Powdered fuel mills, of 
type, are seldom built with capacities over 20 tons of powdered 
per hour. 

Figure 1389 shows a section through a Seymour pulverizer, ill 
the type of grinder commonly used in small “ unit” installati 
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<a Screen os 

: _-Separalial lig, and mixing are ¥ 

‘ Chamba oi simultaneously in a 
—,> Powdered Fue housing, and it is only 
VG" Pr | Passage to. (o install the self-con- 
4 Lower Fan Hpperatus in front of the 


ting, attach the inlet to 
\ fel hopper and connect 
Hue Kpout to a suitable Fxg, 139, Seymour Coal Pulverizer — Unit 
| nowsle projecting into Type. 

®, Among such ap- 

tiay be mentioned the Aero-pulverizer and the Seymour Pulverizer. 
y drying is not necessary except with very wet fuels. Unit 
wf thle type require from 22 to 35 kw-hr. per ton of fuel for their 





prerlbags. 
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Fic. 138. Fuller-Lehigh Pulverizing Mill. ~ Fuel Outlet, 


Variable 


mechanism consists essentially of a cylindrical housing con Paks ae 


rotating pulverizing element and a fan. The crushed fuel is 
powder by attrition and percussion, through the centrifugal 

rapidly revolving vanes. The fan element draws in sufficient air 
the fuel through the pulverizer and at the same time to su 
bustion in the furnace, No preliminary drying is necessary 
the very wet fuels, and sereens are dispensed with entirely, 
is made in sizes ranging from 1/4 to 2 tons of powdered prod 


ia, 140, “Lopuleo” Powdered Coal Feeder. 


tare made in sizes ranging from 500 to 5000 lb. of fuel per 
ww deficiency of this system from an operating standpoint 
& reworve supply of powdered fuel, since any interruption 
ov the like necessitates shutting down the boiler, Peak 


w/ Unit Pulverteera: Mech, Bnrg., Mid Nov., 1925, p. 1047, 
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Mpresents about 12 per cent of the air required for combustion. The 
Pealon a slight vacuum about the screw, preventing bridging or arching 
| in the bin, and at the same time forces the fuel into the furnace. 
meondary air is supplied by a low-pressure blower and enters the . 
' pipe through the annular space around the primary air line. The 


demand of the pulverizer equipment is also coincident with that 
main plant. 5 
Figure 140 shows a section through the Lopulco feeder, manuf 
by the Combustion Engineering Corporation, and Fig. 141, a similar 
of the Lopulco induction burner. The feeder is of the screw type, 
ated by a variable-speed motor. Powdered fuel is fed by the screw 


uel Discharge 


\ \ Conduit Cleaning Line 


Valve 


Hasuelng 
Woasle 
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Pi, 148, Fuller-Kinyon Pulverized Material Conveying System. 




















Dam: 


Fig. 141. ‘“Lopulco” Powdered Coal Burner. 





small mixing chamber provided with paddles, where it meets & 
primary air supplied under a pressure of approximately 6 ounces. 

the action of the paddles and the jet, the fuel and air are thoroughly 
before being forced into the burner. The primary jet furnishes 


#) of the primary air by heat in the furnace causes the fuel to mix 
irrounding annulus of combustion air. The length of the flame 
ile’ by changing the position of the tip of the primary air pipe 
peel to the nozzle of the burner. Advancing the tip delays the 

















small portion of the air required for combustion. The furnace Wil wives a larger flame. Rated capacities of the Quigley burners 
sometimes extends back into the primary air pipe, while part of Hum 200 Ib. to 1800 Ib. ea Thos 
Primary Air Inlet Air Inlet 
Ni illustrates the feeder, and Fuel a iene 
_ tt, the induction-type Nozzle. 
i! the Puller-Kinyon sys- 
vikites Ww eapncity of the feeder 
Pulverized NO ee lint by the speed of the / 
Primary Ait OQg fA. 61 Sia a Mgeore” Powilered fuel is delivered Bo a: ™- Secondary 
Hew to the inner tube — Secondary i 


Air 
Air Nozzle (Induced) 


Fig. 144. Fuller Induction Burner. Ver- 
tical Type for Low-Volatile Coals. 


fier, where it is picked 
jet of air supplied by a 
Hiley & pressure of 2 1/2 
| projected into the furnace. This primary air supply rep- 
Hoximatoly 50 per cent of the total required for combustion. 
ii ie induced from the atmosphere, by the action of the pri- 
{) (he annular space surrounding the inner tube of the burner. 
thie luner tube does not enter the furnace but is set back from 
tele ae indicated, The burner is designed so that the fuel- 
eiterme the furnace at low velocity. 

vow n moctional view of the “Multi-mix” powdered fuel burner 
oh differs from other blast-type devices in the manner of 


Fic. 142. Quigley Central-duct Powdered-fuel Feeder and Burner, 


ondary air is admitted through a cellular casting which surro 
fuel pipe. The remainder of the secondary air 1s admitted 
dampers in the front wall of the furnace. : 

Figure 142 gives the general details of the Quigley feeder and 
Powdered fuel is withdrawn from the hopper by a constant-speed 
(equipped with adjustable shutters for controlling the rate of f 

dropped into a syphon tee, where it meets the primary air jet 
primary air is supplied by a fan or blower under a pressure of 6 to 8 
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lm produced from the ash, the destruction of the furnace lining is very 
‘/ if the flame impinges direct- 
yen the refractories. When 
feiiperature of the furnace 
exeoods that of the molten 
the wlag projected against the fc 


mixing the fuel and air and of introducing the mixture into the f 
All of the combustion air is supplied through the burner, and no @ 
air admission is required in the furnace. Because of the comparati 
low feed velocity and the absence of any “ scrubbing ” action of the | 
smaller furnace volumes may be employed than with the high-velot 
types. The drawing is self-explanatory and requires no detailed 
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introduced here 


that of the slag, no erosion 
jilave and the slag forms a 
WHleotive coating. The tem- 
jeof the lining is maintained =r 
that of the slag by exposing z 
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portion of the boiler-heat- A| 
; Phi NEA 
Have (o direct radiation from ee 
, Hivhaee and by cooling the t 
SECTION X-X to com BR a vither with air or with water Fia. 146. Powdered-coal Furnace. 
es here At ratings up to 200 per Lakeside Spagem. 
Air Enters Central Pipe and Inner th | | | i i i i 
with tuels having high-fusion ash, no slagging occurs and the refuse 





Annular Spaces in cach pair of Mixing Shells, 
Emerging as Jets, Mixing with Fuel in the 
paces, 


Respective Outer Annular S; i .. 
may be raked out in the 


usual way; at higher 
ratings or with low air 
excess and low-fusion 
ash, considerable objec- 
tionable ash is formed, 
| but the ill effects may 
be largely eliminated 
by cooling the bottom 
of the furnace either 
through air cooling or 
by means of water 
IK screens. In the very 
= ANAL latest designs, the fur- 
nace side walls:are ei- 
ther of solid brick 
protected with a water- 


0: neous Mixture enters Furnace 


SECTION Y-Y Pomogetene Condition 


Fie. 145. “Multi-mix” Powdered-fuel Feeder and Burner. 


Other popular makes of powdered-coal burners and feeding devit 
the Grindle, manufactured by the Whiting Corporation, Harvey, 
the Rayco, Raymond Bros. Engrg. Co., Chicago, and the Stroud, 
Stroud, Chicago. f 

115. Powdered-fuel Furnaces. — The modern furnace for the 
combustion of powdered fuel differs but slightly from that of an 
structure, since powdered fuel behaves more nearly like a fluid or @ 
it does like lump or bulk fuel. A plain chamber, without ignition 
target walls, or deflecting arches, appears to give the best resulta, 
vided the volume is large enough to burn the fuel in suspension, — 
volume depends primarily upon the fineness of the fuel particles an 
maximum weight of fuel to be burned per unit of time. The 





regards length, width, and height, is a function of the maximum ff} 

sible flame length (40 to 60 ft.); number, size, and position of the DUTT: | PRES SRMOMHHOOOAQ— BI _ cooled surface, or of 

provisions for cooling the furnace lining, and the type of boiler, ~ composite construction 

latest power houses, the ratio of furnace volume to water-heating | Powdered-coal Furnace, Combustion protected with a combi- 
Wnuineoring Corporation, nation air and. water 


ranges from 0.8 to 0.85, corresponding to maximum boiler ratings 
125 to 880 per cent. On account of the high temperatures inve y 


The water cooled construction is practically imperative 
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heed be considered: viz., steam burners, and mechanical burners. 
twontials of any type are (1) the complete atomization of the oil 
Hwut clogging, fouling, or “drooling”; (2) jet of such shape as to 
i (timate mixture at all points with the incoming air; (3) capacit, 

Meeting complete combustion with minimum : ; 


with pulverized-fuel firing in combination with air heaters becai 
the intense heat in the furnace at very high ratings. The water co 
consist usually of 4-in. steel tubes arranged on each side of the f 
and spaced on 6 to 8-in. centers. The water in the coolers forms ] 










of the regular boiler circulation. In the “fin” type of construction 
spaces between adjacent tubes are covered by two steel strips or mr at the various steamin, t s Wty 
Jded longitudinally to the tube and diametricall ; sdatod; aming rates con- oa iii 7x 
welded longitudinally to the tube and diametrically opposite each 0 Mipleted; and (4) accessibility, minimum a a 
iion, and low maintenance. Neither type Z eit RoC 
Wf \Wniversal application; in some cases the steam—ffi{if I N\[])] LX 










} wlomizer is the better investment, and 






















































wZ ere the mechanical atomizer offers more Fic. 149. Hammel Oil 
Ze Hiwen, In the steam burners, the oil is Burner Head (Steam 
Z teed and forced into the furnace by a steam Atenieet: 
Ef g pH the mechanical burners, the oil under pressure breaks into a fine 
wh gZ OY) passing through specially designed orifices. 
= : Z i) burners are designated either as outside mixers, in which the oil 
<t Z a and steam meet outside the burner 
> SESSA pies v4 Z nozzle; or inside mixers, in which the 
LUZ ts 7 . N. gZ ve oil and steam mingle inside the nozzle. 
—— seca SD el A — <<) The Hammel, Enco, Airoil, Leahy, 
a oS ian PSS rey A Rogers-Higgins, Peabody, Kirkwood, 


— and Tate are representative of the inside 
_ mixers; and the Best, Gilbert and Parker, 
<. Rockwell, and Foerst ‘of the outside 
1M), Wort Oil-burner Tip ™Xers. Some of the well-known steam 


(Mean Atomizer). burners are illustrated in Figs. 149 


Fig. 148. Furnace for Seymour Pulverizer. Unit System. 





thus presenting a continuous metal surface to the fire. For a dé 
description of a number of water-cooled furnaces, consult “ Water © 


Furnaces,” Mech. Engrg., Mar. 1925, p. 197. 
Figures 146 to 148 give the general details of typical powde P40 sho sap to 157. af 
Hees 4) lows & section through the atomizing tip of a Hammel © 
lrating a well-known design of the inside-mixing type. The 


Susquehanna Station of the Metropolitan Power Co.: Power, Dec. 29, 1925, p, 

Cost of Preparing and Delivering Powdered Coal to the Furnace: Bureau of 
Bul. 217, 1923, p. 100. 

Pulverized Coal: Serial Report of Prime Movers Committee, N.E.L.A., Sep 
Power, June 3, 1924, p. 900. (Serial) ) 

Combustion Steam Generator: Power, Feb. 2, 1926, p. 282. } 

Turbulent Flow or Well Type Furnace: Report of Prime Movers Committee, N, y 


Sept., 1925, p. 40. 


y Steam Nozzle 


K<SwW~wC 


y SY ifice-, 


















NY ===. Annular 
Oil Nozzle 


hin, 101, National “ Airoil” Burner (Steam Atomizer). 


116. Fuel-oil Burners. — The name “oil burner” is a misnom 
cause the so-called burner does not burn the oil but merely atom 
The atomization may be effected by high- or low-pressure comp 
or steam, a combination of air and steam, or by merely mechanical 


For high-pressure steam generation in stationary plants, only t¥ we and either heated or cold, is fed through the upper pipe 


tm chamber C, where it encounters the steam jet issuing from 








side the burner, it may be discharged through ° 


254 


the lower pipe, and the mixture is forced through the rectangular oril 


in the shape of a long, flat spray. 


Figure 150 shows a section through the atomizing tip of a Foerst bur 
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Which give the oil the necessary whirling motion. By opening a valve 
the end of inner tube B, which connects with a series of holes in the 
fr lip, part of the oil in the tip is by-passed. ‘This design enables 





illustrating the outside-mixing type. The oil is fed through the ine amount of oil to reach the tip regardless of the load, so that there 
pipe at right angles to the st ) reduction in the oil pressure and the spray effect is practically con- 
‘Venturi Tangential jet and is discharged in {for a large flow of oil. The 
' <—e Onfices, shape of flat or fan-tail sp Wwe oil is returned to pump 
MCT SQ df Figure 152 shows a Hi or storage. 
|| © through the Enco steam ie 155 shows a section 
ae & Et Flame izer, which differs con #)) (he atomizing tip of the Fic. 154. Peabody-Fisher “Wide Range” 
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Fie. 152. ‘“Enco’’ Oil Burner OS 
Atomizer). 
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through tangential openings. 


velocity in the body of the mixing chamber, 
and finally discharged through the orifice 
plate. As the oil is completely atomized in- 


any number of openings, of any shape, at low 
velocity. The atomizer, complete with forced- 
draft air registers, is shown in Fig. 153. 
Mechanical atomizers for high-pressure 
boilers are practically: all of the oil-pressure 
type; that is, the oil is forced under pressure 
through suitable orifices or tips which break it 
up into a very fine spray, or “ fog.’”’ In low- 


pressure installations, the centrifugal atomizer is commonly « 
this type the oil is broken up into a spray by the centrifugal acti 


motor-driyen rotating tip. 


Figure 154 gives the general details of the Peabody-Fisher b 
of the oil enters the atomizing chamber through heavy burr 
and enters the atomizing chamber in tip / through several small | 


ably from the usual typ 
steam atomizers in that 
suitable for either nat’ 
forced draft. 
illustration, steam and oil { 
the device as indicated. 
of the steam passes thro 
Venturi nozzle on the ¢ 
line of the burner, and 
rest enters the mixing ¢h 
Oil enters around the mouth of the Vi 
is caught up and partly atomized by the center steam jet and is @ 
forward through the center passage to the opening of the mixing ch 
Here it is ‘cross cut” by the tangential jets, whirled around 











fi mechanical atomizer. 
tile device, the oil is forced 
jemure tangentially through an annular chamber in the burner 
the chamber being so arranged as to give the oil a high velocity of 
, end thus, under the action of centrifugal force, to break it up 
into afine spray. The 
annular chamber or 
tangential groove dis- 
charges into a small 
cylindrical chamber, 
the top end of which 
is conical in shape. 


Atomizer (Mechanical Type). 


Referring 
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SECTIONAL ELEVATION 












Pw 1M. Koerting Mechanical Oil Atomizer. The discharge orifice is 
at the apex of the cone. 
f 150 shows a section through a Coen mechanical atomizer, il- 
fy (he single-orifice type in which no rotational motion is imparted 
Wi! before it leaves the tip. Other well-known makes of mechanical 
ft are the B, & W. “ Lodi” and “ San Diego,” White, Dahl, Fess, 
f boil , Pe > 5 Meda 
 wtomisera for boiler ¢ justing rod [7/7 Shring P 
p SY ee (Pe SFOS BESS 
Hperating under natu- —" i=) (0 |) |= 
ive tnually designed "4 SIG wp = 
® flat fame and are er tenor 


i) the furnace so 
Haine in apread out 
fiw of vofrnctory material, as in Fig. 159. When they are pro- 
1) orifices which produce a hollow conical jet, air registers, 
wt in Ig. 160, are necessary for efficient mixing of the air 
Mh pe fuel, Steam atomizers, in connection with air registers, are 
for foreed draft. Mechanical atomizers are almost always 
1h alr vogisters, Air registers are fully as important from 
Ht of design and construction, and have quite as great an 


Tia. 153, Air’ Fia. 156. Coen Mechanical Oil Atomizer. 


“Pneo” Oil 
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je approximately 0.5 per cent of the total generated. As a general 
, the steam consumption will not exceed 1 per cent of the total 
Paled, 

i) ulomizers owe their popularity to the relative ease of manufac- 
Hmplicity of installation, and the very high overall boiler and furnace 


influence upon the securing of perfect combustion, as the ator 
itself. q 
The amount of steam required to atomize oil varies with design of bt 

and the methe 


control. Inlarg 


tral stations wher wy realized at normal boiler rating. The burners, when properly 
burners are aute wl, require little attention, and one man can readily control a large 
ically controlled, y of burners. For relatively large plants, an automatic control 


where they } tuny be installed, which regulates the burners and dampers ac- 
consistently god Hie to tho load demands so that the labor item is practically nil ex- 
tention and ¢é  Pequired for watching and cleaning the burners. 

average steam mile of the seeming advantages of steam atomization, there are a 
sumption range y of factors which may prove objectionable: viz., (1) the noise 
0.12 to 0.25 hy the steam issuing from the burner, (2) difficulty and loss of time 
Ib. of oil fired. Hie burners, particularly in “ back shot ” installation, (3) blow- 
corresponds 0 Hetion of the flame in combustion chambers of limited capacity, (4) 
proximately 0.8 WHoHuNt of moisture in the flue gas, which may prove troublesome in 
per cent of th i) with economizers, (5) cost of steam used for atomizing, and 
steam generated, Hind range in overload capacity of the boiler. The majority of 
for regular, @ Hiner installations reach their maximum commercial capacity at 
operation in the Milinwa of 175-200 per cent, although some of the latest designs in 
age plant, the mi with forced draft and air registers have been operating satis- 
a) M00 per cent rating. Boiler ratings of 300 per cent have been 
fet in modern mechanical burner plants! with overall efficiencies of 
‘yon! (without economizers); and in special tests,? boiler ratings of 
pent have been reached with overall efficiencies of 76.6 per cent. 
lomivers usually operate with natural or indirect draft, while 
haiioal atomizers generally necessitate the use of forced draft, 











Fia. 157, B. & W. “San Diego” Mechanical Atomizer f 
and Air Register. ranges [rom | 
0.8 lb. per lb, 


fired, corresponding to 2 to 5 per cent of the total steam gen 


See Fig. 158. 
The equivalent steam consumption of the mechanical burner @ 


“s 
3 










































8 from 100 to 175 per cent rating may be secured with natural 
B00 : ras Pon Noct\Unit ' 

& Se a a #iormisers for boiler service are seldom designed to pass more than 
‘| yf oil per hr, per burner, whereas single mechanical burners have 
din | tly hwncdled as much as 1500 Ib. per hr. 

3 4 sparagraph 126, 

rb "4 oiler Oils Powor, Aug. 7, 1923, p. 209 (Serial). 

os oI » ! Alomieation of Fuel Oil: Power Plant Engrg., Nov. 1, 1928, p. 1180. 





























500 ~=—-600 700 = 800 
Rate of Combustion, Pounds of Oil per Hour per Burner 
Fra. 158. Typical Performance Curves — Steam Atomizera, 


oolt Wurnaces. — Because of the ease with which oil fuels can 
J and brought into intimate contact with the air for combustion, 
tay be of the simplest construction, No grates, ashpits, 


—_* Wleotric Co, Text of May 16, 1920, 
w leland Navy Yard, Competitive burner test, 1918, 


largely upon the oil pressure maintained, the efficiency of 1 
pumping and heating apparatus, and whether or not the exhau 
is utilized, In some of the latest plants, the equivalent steam 
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i! energy. In general, the larger the furnace and the further the 
# wre from the tubes or heating surface, the better will be the results 
fil wud the greater the overload capacity. 

wi burners of the flat-jet type almost invariably operate under 
ful draft, while forced draft is the more common with mechanical 
M, particularly when heavy overloads are desired. The number of 
f# lepends upon the size and type of burner and furnace, and the 


ignition arches, or target walls are necessary, and a properly proport 
plain chamber fulfills all requirements. The correct proportion of 
simple furnace, however, is dependent upon a large number of fi 
such as type of boiler 
rangement of tubes 
baffles; elevation of he 
or their equivalent abo 


floor lines; number, typ@ i! which it is desired to operate the boiler. In order to maintain 
location of burners; Pye) distribution of the flame, a multiplicity of burners is preferred in 
of furnace with resp ui (he smallest boilers. It is customary, when possible, to install the 
flame travel; method min the front wall of the 





tid project the - flame 
air; draft; charact | the rear (“ front shot ’’), 
loads; and whether @ ) le frequently desirable to 
the furnace is to be | thom in the bridgewall, 
solely for oil, or simi praject the flame toward 
ously or alternately with other fuels. The volume of the combustion' front ("' back shot ”). With 
ber in the latest oil-fired plants with high settings ranges from 0.2 to wf the inclined-tube type, 
ft. per sq. ft. of boiler-heating surface, and in low settings from 0.10 fer arrangement minimizes 
Wipiiwement on the tubes 


admitting and cont? 









clit 








Setting, Steam Atomizer. 









9 courses of6"cupola 
fire brick (9"x 6"x 4) *. 
* 



















; "asbestos 6 'specia 

More increased furnace High-temperature zh 
. . cemen’ 

i) the direction of the + 4 
, 4 P 
fois ' With steam burners of . | | 
fjet type, it is current [7] 4] er voce are beak J 
ee. "cement 


+16 introduce the air into Scsinaie cae 


? Pine part | " d th fire brick (9"x 6"x 4)" 
; ly aroun e , ; 
aad partly through slots Fig. 161. Peabody-Fisher Burner as Applied 


to a 1500 Sq. Ft. Manning Boiler. 
fiivinee floor, With the e q anning Boiler 


eal burners, and steam burners giving a conical flame, all the 
sa? Hiibustion is admitted through air registers and diffusing vanes 
T TN Hliie the atomizer, and at no other place. 

vier loweset furnace of the back shot type as applied to a water- 
soso Fite lBrick Plat N hi Hier ie illustrated in Fig. 159. The burner tips are housed in slots 
OS FESR ITT | ial m1 the back of an arched recess in the bridgewall, and the flame is 
5 i ee a iapen hs | forward toward the front of the furnace. The furnace floor is 
ppt for narrow air slots through the deck and in front of each 
Paeh burner with its accompanying recess has a separate air 
Walling from the boiler front; these tunnels do not communicate 
Hier under the furnace floor, so that by closing the air-admission 
nel can be sealed up while the others are supplying air to 
*ular burners. The air entering the furnace is heated by con- 
Hh the Incandescent floor of the furnace, the floor constituting the 


Yy 





Boiler Heating Surface, 6001 Sq.ft 
Furnace Volume. 1558 Cu.ft. 
Maximum Capacity, 350% rating 


























Fie. 160. Oil-fired Furnace. Narragansett Elec. Lt. Co., Mechanical 1} 
cu. ft. A rough rule is to allow 1 cu. ft, of combustion space p 
to be developed. The best results have been obtained where t 


travel is complete without impingement on tubes, walls, or fle 
where as much of the boiler-heating surface as possible is 
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roof of the air tunnels. Usually one burner and air tunnel is f 


for each 4 ft. of furnace width. This low-set type of furnace is not in 


for boiler ratings over 175 per cent. 


Figure 160 gives the general dimensions of the oil-fired furnace 
power house of the Narragansett Electric Lighting Co. as applied 


600 hp. B. & W. boiler, and illustrates a modern “ high-set ” insti 
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Fig. 162. Furnace Volume vs. Boiler Rating. 


Figure 161 shows the application of a mechanical burner to @ 


fire-tube boiler. 
Figure 162 shows the relation between furnace volume and 


hp. developed with 14 to 15 per cent of CO, and no CO. 


Burning of Liquid and Gaseous Fuels: Report of Prime Movers Committee, N 


1923, (Part B), p. 297. 
Computing Guaranteed Stoker Efficiency: Power, May 20, 1924, p. 818. 


The Storage and Handling of Fuel Oil in Industrial Plants: Mech. Engrg, Ni 


Part 2, p. 771. ae ible a 
Oil Burning in Industrial-Piant and Central-Station Service: Mech, ln 


1924, Part 2, p. 849: Apr. 1925, p. 276. 

































CHAPTER VII 
FUEL AND ASH CONVEYING SYSTEMS 


Merage of Fuels. — The cost of fuel and its delivery into the 
ie usually the largest items in the operating charges; hence, 
Mitral atations are located, when practical, at or near the mine 
Hil adjacent to a railway line or water front in order to insure a 
i) Wupply of fuel and to minimize the cost of storage and hand- 
# lated #tations in the business districts of large cities are generally 
hily wituated, with the result that fuel storage is limited to a very 
iiity and the cost of conveying is a large percentage of the total 
_ Wherever the plant may be located and whatever may be the 
Wf transportation and conveyance, provision should be made, if 
fy storing a certain quantity of fuel as a precaution against in- 
ielivery and possibly enforced shut-down. The amount to be 
wile upon the character of the fuel itself, method of transporta- 
tvailuble, size of plant, and the cost of interrupted service. 
+ Hur largest central and isolated stations, the fuel requirements 
#) {1 Heeonsitate immense piles of coal or reservoirs of oil for even 
‘wperation, There are several such stations burning 3000 tons 
tire per day, One week’s supply at a rate of 3000 tons per day 
iy & apace about 200 ft. square and 21 ft. high. The space 
) fel oll of equivalent heating value would be approximately 
1 of that oveupied by the coal. 
hi of a eu. ft. of coal varies with the percentage of fine and 
tie i the mass, the moisture content, and the packing effect 
tity be mubjected. The variations in weight due to fineness 
poitent are less than is ordinarily supposed. A mixture of 
fie, eh as is usually found in stoker sizes, will remain very 
Hele! per cu, ft. with reasonable changes in the percentage 
The values in Table 34 are approximate only. 
taining to the weight of different classes of fuel, consult 
fy Mudie of Mlinois Coal,” Univ. of Ill, Bul. No. 89, 
‘1 Weight of Various Coals,” Bureau of Mines, Tech, 
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201 
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ii, since not only is the fire hazard completely eliminated, but the 

ties not depreciate as when exposed to air. Space requirements, 
BM dowt of reservoirs, and special requirements for handling are factors 
Wh Must be considered in this connection. For a description of several 


TABLE 34 
SPACE OCCUPIED BY BULK FUEL* 





Bituminous ooo tad Anthracite aa fom ‘Witer storage systems, consult ‘“ The Storage of Bituminous Coal,” 
Il, Stock, Univ. of Ill, Bul. No. 27, 1918, pp. 86-106. 
Pocahontas Lump and Hie tho many systems of unloading coal from cars or barges, and of 
a. a rtiggs Poaceae 35.5 Chestnut................ 7 ie |i, may be mentioned the following: 
aya 
pe Nut.. Rager st: 4 ao le Sia 8 ES Hanl-operated storage systems Parallel track storage 
ieee jO8ES 41 Large he 36 Mirage by motor truck Trestle and traveling 
Screenings.............. sy a ES Spies 24 Fe ; Mle storage from cars without crane 
se alae 36 lah, ky phil 35 browtle Circular storage 
Smithing............... - (lo storage Steeple towers 
pees —— a 7: 38 ve PM Hiue with side dump cars Bridge storage or gan- 
Acorn a: ve = peigthdven: bit aoe lehill storage try crane 
Nov3 W Washed Nui Bhai 42 Gas House............... of mast and gaff Deep reinforced-con- 
Wasco Lump............ 40 Solvay Nut 1 of cable drag scraper crete bins 
. WHMotive crane Skip hoist and monorail 
ad i Meme p Wwoline and steam-operated cater- Under-water storage 
Anthracite and practically all kinds of bituminous coal hav@ pillar crane Silo-type concrete and 
stored without spontaneous combustion taking place, yet, ee volving car dumper vitrified-tile bins 
conditions, aera] fuipu'y Lisi ne pooared Tie Hiss to. jlion of these various systems and the methods adopted for de- 
stored. — The geclogica Pe eure - li Bos th + dangeroua fontuneous combustion are beyond the scope of this text, and 
anthracite being the natost bi eee eae om ae f ley ln referred to that excellent treatise “ Bituminous Coal Storage 
spontaneous combustion of coal is largely due to oxidation of ¢ 


eth +s , by Stoek, Hippard and Langtry, Univ. of IIL, Bul. No. 2, Jan. 19, 

izes; h bustion in stored ) HLpE ) 
nile Award he Kikai aii pb fer ke by and fine coal Pee aleo, Report of Prime Movers Committee, N. E. L.A. ,Mareh, 1925. 
speptly reduced, 7 ae. he RANI A ‘les of clean-sized coma #11 “mount of coal should be stored, if possible, within the station 
Ki juin aay ith fat fe , iles ipa. or mine-run, ti the amaller plants it is customary to place the coal in an open 
tively small a aorta Bal d oo re ninety days after the od front of the boilers or in a bin below, or on the same level with the 
of the fires recorde — soe bie 4 Donates piles of mixed comlil Ym floor, In the larger plants, it is common practice to install 
a can Kg ‘in piles Py same coal ananie eee bunkers so that the fuel can be fed to the furnace by gravity 
siderably greater 


‘lowh spouts. In some of the latest central stations, additional 

known to be particularly liable to ergnrenecy conto sold ls jwovided by pits underneath or alongside the car tracks and 

selected for storage if it is possible to we ae rd oved Baal tie tain building itself. See Figs. 185 and 186. Overhead 

heaped for storage so that any part of the ih Ais , pees oni fe rectangular or circular in plan and are built of steel plates 

si agges lg gr af a hat ak oo ge th) eoncrete, refractory materials, or reinforced concrete. The 
pile. number re 


BNE, Ba : ij should not be less than 45 degrees to the horizontal. Sus- 
ryt poeegieetrrta uaually , EeTeae ban Sway oe thea oak of reinforced concrete construction are also in evidence in 
depth Biiihe gale depends ung the lind ps 208 i ’ deep than in tite With certain grades of fuel, separate bunkers for each 
experience shows that fires. ane pn a gna arte sibs ae ° erred to a large single container for the entire plant, since 
feo oe fis eoiy peal vada against’ spon [rom spontancous combustion is more readily prevented 
wal 
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from spreading. Silo-type bins of concrete and vitrified tile are nt, Platform elevator 
favor with many engineers where the quantity of coal to be stored Mkip hoist Continuous bucket elevator. 
very large. Hirab bucket 6. Hydraulic systems: 

Fuel oil is stored in covered steel tanks, weather-proofed concre Traveling crane Open trench 
or earthen reservoirs. Steel tanks are used in the great majority Jib and bracket crane Closed conduit. 


Monorail telpher 
Pwweyors for Modern Power Plants: Power Plant Engrg., Sept. 15, 1923, p. 917. 


plants, but excellent results have been reported from users of @€ 
tanks. An earthen reservoir of 25,000 barrels’ capacity at the 
plant of the San Joaquin Light & Power Co. is said to show a le 
100 barrels per month through evaporation and seepage. Ste Hand Shoveling. — Where possible, the coal is dumped direct 
may be placed entirely above the ground or they may be partly ¢ the fr Or wagons into bins located in front of the boilers. In such 
pletely buried, depending upon plant location, Underwriters’ # ne man may handle the coal and ashes and attend to the water 
ments, and community ordinances. Concrete tanks are gené #100 hp. of boilers equipped with common hand-fired furnaces. 
stalled below the ground. For detailed description of the various. Hem, of course, to average good coal not too high in ash nor pro- 
of storage and for a brief outline of the rules and requiremen / much clinker. With hand-shaking and dumping grates, 500 
National Board of Fire Underwriters for storage and use of fuel 0 ¥ Ww fired by one man, and from 1800 to 2500 hp. with automatic 
the reference at the end of this paragraph. Hite which the coal is fed by gravity. Sometimes the coal cannot 
i front of the boilers, but must be hauled by wheelbarrow, cart, 
ful car, For distances over 100 ft. and quantities over 20 tons 
, the cont of handling the coal in this way may justify the installa- 
#) #ulomatic conveyor system. Hand-fired furnaces and manual 
if ool and ashes are usually associated with small plants of 500 
tiiler, but a number of large stations are operated in this way 

Pent economy. 

Hants, however, are generally equipped with conveying machinery, 
HH heoause of the possible reduction in cost of operation, taking 
eration all charges fixed and operating, but because of the large 


Factors in the Spontaneous Combustion of Coals: Mech. Engrg., Dec. 1923, 
Pipe Line Transmission of Crude Oil: Power Plant Engrg., Dec. 1, 1919, jf} 
Fuel Oil Containers and Tanks: N.E.L.A., 13-1922, p. 254. i 
Fedco Protectometer Systems for Stored Coal: Power, Nov. 27, 1928, p. 850, 
Fuel-oil Storage Rules, National Board of Fire Underwriters: Power, Noy 
p. 680. 
Oil Storage and Reservoirs: C. P. Bowie, U. S. Bureau of Mines, Bul. No, 


119. Methods of Handling Bulk Fuel and Refuse. — The best 
of delivering bulk fuels from storage to the furnace and of removi 
from the ashpit is the one which will effect the desired result at 


ultimate cost. That this problem does not offer a simple iveliable labor staff with which it dispenses. Hand shovel- 
evidenced by the many diversified combinations found in practit Plies necessary even with modern unloading devices and drop- 
same operating conditions. The principal factors which influ pare, on Booount of the poor dropping mechanism and the freezing 
choice of system are size and location of plant and cost of fuel ihe care, ‘1 his is particularly true of washed coals, and it is not 
In many plants, continuity of operation may be of even greater itl 1 Have an entire carload solidly frozen. In this case, it has to be 
than reduction of cost, and extra investment may be considered Bid oven (lynamited, and shoveled by hand, or the unloading 
to offset the unreliable labor element. Of the various methods a be “uipped with steam pipes and outfits for thawing pur- 
current practice, the following are the more common: fond man is capable of shoveling 40 to 50 tons of coal in eight 
 Wiloading a car, provided it is only necessary to shovel the 

1. Hand shoveling. Overlapping p rit or through side openings. An average figure for handling 

2. Wheelbarrow or industrial buckets iw wad shovel is not far from 8.5 cents per ton per yard up to 

car and shovel. Endless belt, i! 5 yards, then about 0.25 ets. per ton per yard for each ad- 

8. Continuous conveyors: 4. Pneumatic syst ‘The coat of handling coal and ashes in the small plant not 
Grivel or screw Pressure blo wonveyors or hoists varies within such limits that average 

Scraper or flights Exhausters, it purpose, In twenty-five Chicago plants of this class, 


Apron and buckets ranged from $1.00 to $2.60 per ton. 
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© #0 to 3.0 for coal and 2.5 to 4.0 for ashes, 
© Mpacity in lb. per minute, 

© length of the conveyor in feet. 


121. Continuous Conveyors. — Until quite recently, the most p 
method of automatically handling coal and ashes was by means 6 
tinuous conveyors and elevators. While certain types of these cony 
are still used in the modern power house, the tendency is to do aw 
much as possible with machinery the parts of which are subject to 
ive wear and high maintenance costs. For example: Horizontal 
veyors depending upon links for their operation are being supplani 
cable drives, and bucket elevators are giving way to simple cable-op 
hoists. Then, too, ashes and fuel are handled separately, because | 
abrasive action of the ashes, instead of being transported by the 
systems. Continuous conveyors may be grouped into two general 


1. Those which push or pull the material, but in which the w 
the load is not borne by the moving parts. 

2. Those which actually carry the load. 
A few of the more important types will be treated briefly. 


® jHwer to operate screw conveyors depends so much upon the 
* Hature and condition of the fuel and ashes to be handled that the 
'# in the above equation should be used advisedly. Short-length 
Miveyors are commonly used for powdered-coal feeders, and occa- 
for sized bulk coal, but conveyors of the screw type are not 
for handling ashes. 
f or Flight Conveyor. This consists of a trough of any desired 
tion and a single or double strand of chain carrying flights or 
#! “wpproximately the same shape as the trough. The flights 
the material along the trough, discharging at the end through gate- 


| openings in the bottom of the conduit. Three types of flight 

Screw or Spiral Conveyors. These consist of a stamped 0 i ve in common use: plain scraper, suspended flights, and roller 
sheet-steel spiral secured by lugs to a hollow shaft (usually a stan 1) (ho plain scraper the flights are suspended from the chain and 
extra-heavy pipe) revolving in a trough or enclosed conduit whie ti (he bottom of the trough. In the suspended flight conveyor 
approximately. Standard sizes range from 3 to 18 in. in diam it# are attached to cross bars having wearing-shoes at each end, 
are made in sections from 8 to 12 ft. long. fil touch the trough at any point. The roller flight differs from 
Witled type only in the substitution of rollers for the wearing- 


A typical installation of scraper and drag-chain conveyors is 


TABLE 35 tin ¥ r 7 
1) ig. 163. The coal conveyor is a single-strand roller flight, 
SPEEDS AND CAPACITIES OF SCREW CONVEYORS leith between centers, driven by a 5-hp. electric motor. It has” 
Fine Coal ; 
(Fine Coal) ly 1 ee ane in Sige coal per hr. The ash conveyor is a 
fii drag-chain wi i 

A ae 6 7 3 9| 10} 12 | 14 Am 6 9m with 87 ft. centers on the horizontal run and 6 ft. 
Maximum rpm. wens 15 | 110! 105! 100] 95 | 90 | 85. y om centers. The chain operates in an extra heavy cast-iron 

apacity per hr. fine ow! in & coment trene i - i 
coal, tons........... 7| 14| 16| 21 | 36 | 48 nt trench and is operated by a 5-hp. motor. Flight 
* wre low priced and offer an economical and efficient means of 


foal and ashes in small plants. 
senveyors are commonly used for conveying coal from the track 


On account of the torsional strain on the shaft, the maximur , 
) (he main conveyor and elevator. The most elementary form 


seldom exceeds 100 ft. Single sections may be used as feeders On 


up to 15 deg. Vertical screw conveyors are used for conveyitl Wf Hat stool plates attached between two chains and forming a 
materials, such as grain, cottonseed, fuller’s earth, and the like, Ain platform or apron. Since the load is carried and not dragged, 
for bulk coal or ash. Low first cost, compactness and adaptll a la required than with the scraper type and the maintenance is 
space requirements are the advantages of this type, but these Phone ourriers are not suitable for elevating material except at an 
offset by high power consumption and excessive wear. The }) hol exceeding 30 deg. End discharge only is possible. Figure 


# typical apron-conveyor installation, 

veyors and Open-top Conveyors are similar to the apron 
pl that pans or buckets take the place of the flat or corru- 

) plates, Those conveyors are used where pans deeper than 


equation gives a means of approximating the power req 
horizontal runs. 


Hp. = CWL/38,000 
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those of an apron conveyor are required, as on inclines too flat for ele 


fewer required to operate flight, apron, and open-top conveyors 
and too steep for efficient operation of flight or apron conveyors. 


tlowly approximated by the following empirical equation:! 


nm 


Ashes Chute 
i War 

8 

| ss. : 


iving 


AWLS , BLT 
Hp. = “7000 + 000 = ae (62) 
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wETO| os ' pron-conveyor Installation for Handling Coal and Ashes. 
¢ 
Dea TO | \ d ; © the hp, required at the conveyor drive shaft, 
r i} g La + 
| — ’ © (netants as in Table 36, 
ty Weight of conveyor per ft. of run, Ib., 
aojjou “TO 








(listunce between centers of head and tail sprockets, ft., 
speed of conveyor, ft. per min., 


Mpncily of conveyor, tons (2000 Ib.) per hr., 
1, for conveyors up to 100 ft, centers and 2, for longer conveyors. 


' OK, Baldwin, The Robins Conveying Belt Co, 


veyors of this type are usually run at speeds of 30 ft. to 50 ft. J 
and, when equipped with self-oiling rollers of 6-in, to 8-in. diame 
but little power for their operation above theoretical load 
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If the conveyor is composed of portions on different inclines, 
the power for each section separately and add 10 per cent for each § 
in direction. 

. “ ‘Vebuicket conveyor consists of a series of V-shaped buckets 
fastened to the conveyor chain. The buckets act essentially as 


conveyor on horizontal runs, each bucket pushing its half-sp 


Elec, Motor, 
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Fic. 165. Typical V-Bucket Installation for Handling Coal and 


ahead of it through a suitable trough. On vertical — 
elevators. A typical V-bucket conveyor for handling 7 
conveyor for handling ashes are illustrated in Fig. 165. 7 
quirements may be approximated from the following empirica 


AWL'S , BIsT , TH 


= + ——— 1/22’ . 
Hp. = 3999 + jo00 + i000 + 1/ 


in which 
i ft. 
L’ = horizontal length of conveyor, ft., 
L, = total horizontal length traversed by the loaded bucket, | 


H = total vertical traverse, ft., 
x’ « number of 90-deg. turns in the conveyor. 


Other notations as in equation (62) 
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TABLE 36 
VALUES OF CONSTANTS IN CHAIN-CONVEYOR POWER FORMULAS 


$e i oy PN 




















B. oe Be 
A, Scraper, Apron and V-Bucket and Pivoted 
w n Top Bucket 
we 
tal -in. in. 6-in. . 33-in. 6-in. a 
© | Hliding Roller, Roller, Roller, ger ek Bo Roller, Roller, Rolle, 
mock) SBia" | Tbr | Bat | Coat | "Coal Pin | ‘Bin’ | "Bin" 
0,080} 0.0043 | 0.0046 | 0.0050 | 0.33 | 0.60 | 0.54 | 0.071 0.076} 0.083 
0,030) 0.0043 | 0.0046 | 0.0050 | 0.43 | 0.69 | 0.63 | 0.17 0.18 | 0.19 
0,030) 0.0042 | 0.0045 | 0.0049 | 0.54 | 0.79 | 0.73 | 0.28 0.28 | 0.29 
0,029) 0.0041 | 0.0044 | 0.0048 | 0.63 | 0.88 | 0.82 | 0.38 0.38 | 0.39 
(),028] 0.0089 | 0.0042 | 0.0046 | 0.72 | 0.95 | 0.90 | 0.48 0.48 | 0.49 
() 026) 0.0037 | 0.0040 | 0.0043 | 0.79 | 1.02 | 0.97 | 0.57 0.57 | 0.58 
() 025) 0.0035 | 0.0037 | 0.0040 | 0.86 | 1.08 | 1.03 | 0.65 | 0 66 | 0.66 
0,023) 0.0032 | 0.0034 | 0.0037 | 0.92 | 1.12 | 1.07 | 0.73 | 0 73 | 0.74 
0,020) 0.0029 | 0.0031 | 0.0033 | 0.97 | 1.15 |:1.11 | 0.80 | 0.80 0.81 


Pivoted Overlapping Bucket conveyor is perhaps the most popular 
fi! eontinuous conveyor for handling coal. It consists essentially of a 
His series of buckets pivotally suspended between two endless 

The buckets at all times maintain their carrying position by 
Whether the chain is horizontal, vertical, or inclined. By means 
tyvtem no transfer of material is necessary and discharge may be 

iii wny desired point. Figure 166 gives a diagrammatic arrange- 
i! & pivoted overlapping-bucket conveyor illustrating the principles 

Wiplete coal-handling system, and Fig. 167 illustrates its application 
pieal boiler plant. 

fring to Fig, 166, coal is fed to the crusher by the “ reciprocating 

,’ which is usually placed directly under the track hopper. The 
fonaists of a heavy steel plate mounted on rollers and having a re- 
(ii movement effected by a crank mechanism from the carrier. 
unt of coal delivered depends upon the distance the plate moves, 
jis can be varied by changing the throw of the eccentric. The 
| of strokes corresponds to the number of buckets. Any size coal 
twuclily handled. The buckets are made of malleable iron. The 
ty of the smallest standard-size carrier is 15-20 tons per hr. at a speed 

//\, per min., and that of the largest 200-350 tons per hr. at a speed 

) fi, per min, When the distance from track hopper to carrier 

wl that the reciprocating feeder is not practicable, an apron or 

wonveyor is used to supply the crusher with fuel. 
wnt Conveyor, lig. 168, while usually called a “ bucket ” con- 
in fact a series of cars connected by a chain, cach having a body 


Z 
—— 
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te enpacity is governed by the size of the buckets. The ordinary 
Wf buckets carry 2 cu. ft. of coal and move at a rate of fifteen buckets 
iii#, carrying about 40 tons per hour. Two methods of filling the 
ts ure employed, the “ measuring ”’ and the “ spout filler.’ In the 
#, each bucket is separately filled to a predetermined amount by a 
ie ‘measuring feeder.” In the 
, the material is spouted in a con- 

siveam, necessitating the use of Cr ILN, 
ping buckets to prevent spilling 
iiaterial, 


hung on pivots and kept in an upright position by gravity. The 
driven by pawls instead of by sprocket wheels. The ‘ buckets 







power required to operate carrier AS 
twa of the pivoted-bucket type may Fave eae 
Woximated from formula (63), by IO 
the proper value for B as given 
ile 36, : Fic. 168. Driving Mechanism of 
fi to the abrasive nature of ash, Hunt Bucket Conveyor. 
Hitenance cost of mechanical con- 

le high. The ash grinds away the connecting pins, and, even 
Mywlar renewals, the pins, unless of the enclosed-lubricated type, 











Stationary 
Corner . j k 

Fig. 166. Diagrammatic Arrangement of a Typical Overlapping, ‘Pivoted 

Conveyor and Appurtenances. (“Peck Carrier.’’) 


\ {) wear excessively and cause breakdowns. A breakdown in a 
ikol-conveyor system may cause several days’ delay before the 
fa be put into operation again. 


Conveyors have a distinctive advantage over most other types of 
carriers in that they may be driven from any 
point in their length. The driving machinery 
is extremely simple; power is applied to one 
or more pulleys over which the conveyor 











|| || "J belt passes: The maximum width of con- 
* Wohurn tors veyors is limited only by the fiber stress in 
eeewent of the belt. Conveyors 1000 ft. from center to 
eer Wonvercr. center, handling 500 tons per hr., have been 
tilly operated, Inclinations are limited by the angle of repose of 
vinl, In power plant service they seldom exceed 20 deg. 
Hobine Belt Conveyor, Fig. 169, consists essentially of a thick belt 
Peiived width driven by suitable pulleys and carried upon idlers so 
1 that the belt becomes trough-shaped in cross section. For 
S ” a ' ily, five pulleys are employed instead of three, as illustrated, in 
Bra. 167. Pivoted Overlapping-bucket Installation showing mee ! the line of contact may more nearly approach the are of a 


Coal and Ash Hopper. 
Tho belt is constructed of woven cotton duck, 3-4 ply for 14-in. 


0 ply for 60-in, widths, covered with a ‘special rubber com- 
both sides, An extra covering 1/16 to 1/4-in. thick is used on 
“vide, The rubber is thicker at the middle than at the edges, 


t in all positions of the chain; consequently the chain ean 
“1 direction. The change of direction of the chain is 
by guiding the carriers over curved tracks. The chain 


Sm 
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© eonstant as given in Table 37, 

» bell speed ft. per min., 

» load in tons (2000 lb.) per hr., 

© length of conveyor between centers, ft., 
» vertical lift of material. 


since the wear is greatest in a line along the center, but the thie 
the belt is uniform throughout its entire width. The edges are r 
with extra piles of duck to increase the tensile strength. The i 
carried by iron or wooden framework, and are spaced from 3 to 6 
tween centers on the troughing side, according to the width of belt 
weight of the load. On the return side these distances range from 
ft. High-speed rotary brushes with interchangeable steel bristle 
vent wet, sticky material from clinging to the belt. Automatic 
devices placed at the proper points cause the material to be 
where it is needed. The trippers consist essentially of two pulley 
above and slightly in advance of the other, the belt. running i) 
upper and under the lower one, the course of the belt resembling 
S. The material is discharged into chutes on the first downward 
the belt. The trippers may be movable or fixed, single or in series. 


TABLE 37 
POWER REQUIREMENTS FOR BELT CONVEYORS 
(Coal and Ashes) 





14 16 18 20 24 30 36 42 
OP eee 0.75 | 1.05 | 1.35 | 1.70 | 2.0 2.45 | 3.55 | 4.15 
Hired for each movable 
SOT) civ ivce ssa slew. (iba 1.0 1.5 iD, 1.5 2 2 3 


tyor Operating Data: Power, Oct. 3, 1916, p. 490. 
tee a! Conveyor Equipments: Eng. Mag., Nov., 1916, p. 231. 





TABLE 38 
CAPACITIES OF BELT CONVEYORS 
rons (2000 LB.) OF COAL PER HR. AT VARIOUS BELT SPEEDS 





Heli Mpood, It. per Min. Belt Speed, Ft. per Min. 


Width 
- ———| of Belt, 
“0 350 300 350 400 450 500 550 | 600 














Fig. 170. Hand-propelled Tripper for Belt Conveyor. 


able trippers are used when it is desired to discharge the load ey mn 30 216 | 252] 988] 304 


: : : : i ( 36 311 | 363) 414] 466] 518 
the entire length, as, for instance, in a continuous row of bins, W Hs 92 43 4231 4931 564| 635| 705 | 775 
trippers are employed where the load is to be discharged at c@ i) 112 48 552 | 644] 737 | 830] 920 | 1013 |1105 


somewhat separated points. The movable trippers are made 
forms, “ hand-driven ”’ and “‘ automatic.” In the former they an 
from point to point by means of a hand crank. The “ automatio 
is propelled by the conveying belt through the medium of g@ 
reverses its direction automatically at either end of the run and 
back and forth continuously, distributing its load. It can be 
reversed, or made stationary at will. - 

The power required to drive belt conveyors may be approximil! 
the following empirical equations used by the Jeffrey Company, 

For level conveyors: 


Hp. = (CS + 2,33 7') L + 33,000 





tl, Stored and Transported by Belt-conveyor System: Power, Oct. 16, 1923, 


Penveyors in Small Plants: Ir. Td. Rev., Nov. 22, 1923, p. 1428. 


i Holst, —- The skip hoist is one of the oldest, and at the same 
Miplewt, means of elevating coal or ash, and is finding increasing 
}} enuineers, particularly in the handling of ash. It consists’ es- 
fi 4 vertical or inclined frame or hoistway, a bucket or car guided 
fie, wud a cable for hoisting the bucket. The bucket is so 
With reference to its center of gravity, as to be held in the up- 
on by ite own weight, and the weight of the load. A separate 
in loeated at the dumping point near the top of the hoistway, 
# roller on each side of the bucket, pulling it into the dumping 
the modern design the operation is entirely automatic and ig 








For inclined conveyors: | 
Hp. » (CS + 2.88 7') L + 88,000 + TH/990 
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over the screen hoppers, where it discharges its ; 
Particle fall directly into the bunker and the firise inane 0G go 
ly delivered to the crusher. The grab bucket will take about 98 
\ of th re coal in the car, leaving only 2 per cent to be removed by 
Ooal is fed to the stokers by means of a traveling electric hopper 
BH heewivon its supply from the overhead bunkers. The present capac- 
the plant is 50 tons per hr., taken from the car or pit to stock pile 
fatic and Hydraulic Systems. See paragraph 124. : 


substantially as follows: The skip bucket is filled with coal or ash @ 
driving motor is put into service from any suitable control point. 
automatically starts the hoist, and the bucket is raised to the dul 
point. The arrival of the bucket at the dumping point autom 
stops the hoist and operates a solenoid brake which holds the bue 
the dumping point for a predetermined length of time. Having re 
at the dumping point long enough for the contents to be emptied, the k 
automatically returns to the foot of the hoistway, ready for anothe 
Maintenance is very low, 
is used only when the mi 
is being hoisted, and la 
% clinkers are easily h 
\ but initial cost is compar 





























fF lace \ \ high. This skip hoist off 
a papaee of the most satisfactory” 
Wasnt (coat | \ of elevating ash, beca) 

% l = fal \ low cost of upkeep. 
ia \ Storage battery and gf 


ose ZL 
i= VANS: 


|S al 
} ce ¥ ll 


operated trucks, hand ¢ 
automatic cable cars § 
in several plants for h 
coal and ashes on ho 





SSS 








, LA ; i AWwinding Machine slightly inclined runs, h 
ws etag Abed “i must be either lifted be 
HAP skip Bucket Loading Coal elevators or the conten 


be dumped into sui 
veyors for vertical lifts, 
123. Monorail: Telpherage. — The telpher is a form of hoist 
and transfers the load on a single rail or track from one point to | 
Both hoisting and travel may be accomplished by either hand oF 
Where electric power is used, the hoist and carriage are made in 
one, in which both the hoisting and travel are controlled from the) 
and it is necessary for the operator to walk with the carriage; 
in which the operator rides in the car and manipulates the control f 
carriage. Figure 172 illustrates a very simple and economical 
of handling coal and ashes as installed by the Jeffrey Mfg. Co, 
power plant of the Scioto Traction Co., embodying the telpher 
If the coal car is of the dump type, the contents are discharged 
into the coal pit, from which the coal is removed by grab bt 
transferred either to the overhead bunker or to the storage pt 
coal car ia of the gondola type, the coal is removed direetly from: 
the grab bucket, The bucket is hoisted and carried on the trolley 


Fic. 171. Typical Skip-hoist Installation. Nia. 172, Typical Telpherage System. 
‘handling Systems. — While many of the various systems of 
fil oan be applied to the handling of ash and other fuel refuse 
fyiiembered that the latter may be dripping wet, red hot dy 
, wf, hard, granular, or in the shape of large linkers} and that 
ye #etion of all ash, dry or wet, and the corrosive sci of wet 
ly Wffoot the life and maintenance of rubbing surfaces and sheet- 
‘or this reason it is good practice, particularly in large 
lwiclle the fuel and refuse with independent systems and with 
inery as practicable. 
ystems, One of the simplest and most efficient means of re- 
ts (0 dump it directly from hopper ashpits into railroad cars 
tien of any machinery other than that required to open andl 
_ ‘This system is applicable only where the firing aisle is 
§ sonaiderable height above ground level. Such an installa- 
iv Wg. 175, The only maintenance required is upkeep of 


: 











278 STEAM POWER PLANT ENGINEERING FUEL AND ASH CONVEYING SYSTEMS 279 


( linings and dumping doors. Caterpillar tractors, motor trucks, 
tyinl cars, or wagons are used where railroad tracks do not enter 
ant, 

Hydraulic Conveyor or Sluice. This system is another example of 
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Wu 174, Coal and Ash Handling System at “ Northwest.” Station. 






oonveyance which has many good features. In this system a 
Nieh-velocity water flows in flumes or open conduits underneath 
and carries the ash to waste or to a sump from which it is re- 
sultable means, With continuous-dumping stokers, such as 





“1 — FA a —_— » = be r rary ‘ — 
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chain-grates or underfeeds equipped with clinker grinders, the ash 
discharged directly into the running stream; but with dumping stok 
any firing system where large clinkers are to be expected, the 
dumped on to a grizzly or massive bars on which the clinkers 
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Hwee of the water (see Fig. 178). Ordinarily no crusher is neces- 
wi (he space between chains and cross bars is sufficient to allow loose 
(o fall through the upper runs of the chains into the water; and 
vlinkers are disintegrated by the action of the water. With 


broken. Where ash is discharged intermittently, or where large ht if the continuous discharge type, no ashpit is necessary and a seal 





Fia. 176. Water Conveyor at ‘“ Hell 
Gate’’ Station. 


line of boilers and discharge into a collecting cross flume whid 
along the boiler wall near the turbine room. The cross flumes 
a closed conduit which in turn discharges into a pit near the rive) 
ash is recovered from this pit by a locomotive-type grab bucket 


charged into scows, 
and the water over- 
flows into the river. 
The water supply is 
taken from the con- 
denser _ circulating 
discharge tunnel, 
pumped against a 
head of 75 ft. by 
three 12-in. centrif- 
ugal pumps con- 
nected to 150 hp. 
motors, and  dis- 
charged into the 


flumes through a series of nozzles. At the Lacomb Station of the D 
Gas & Electric Light: Co., the water is passed through a se 
recirculated instead of being discharged to waste, 

Submerged Cross-bar Conveyor. The scraper conveyor has 
favorite with engineers for years, but it is only within the last f 
that this system of conveyance has been applied to wateref 
In the latest installations, both the upper and the lower chains 


im a 1 — 





























are provided with continua tel by dipping the ash spouts below the water level of the trough. 
charge stokers, the water né 
running only while dumping 
progress. With natural d 
ashpit should be sealed go | 
prevent excess air from ‘pa 
the stoker dumps. A typi 
stallation of this class of con 
at the Hell Gate plant, 
Open flumes of concrete, 
bottom lining of vitrified 
drain tiles, are installed belo 


ia, 178. Cross-bar Conveyor and Water-seal Chain. 


i tlow of water, and it is only necessary to add enough makeup 
take care of that absorbed by the ash. -Excess water is removed 
fie the discharge end of the trough so that the surplus will 
haek to the trench. 

tie Systems. When air is passed through a pipe at sufficiently 
Hily, it is capable of carrying dry solid material of considerable 
with it, The high velocity may be established by forcing air 
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Steam Jet Elbow. Target Box 







‘Swinging Chute 


Ash Hopper : = ; HfL! 
tal, ba et 


ELEVATION 


Fig. 177. Ash Handling System at “Sp hiv, 170, A Typical Vacuum Ash-handling System. 


Station. 














pipe under pressure greater than atmospheric, or by creating 
ii in the pipe. ‘The pressure system is commonly used in 
fwilered fuel from one point to another, and the vacuum 
yi refuse from ashpits and combustion ash from uptakes, 

liveechings, ete. The vacuum system has also been used for 
ilk eoul but only to a very limited extent. 

stom consists primarily of a line of pipes into which the 
i through which they are carried to a discharge point by 
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the air current. Ash or soot intake fittings, which can be closed wh 
in use, are installed at suitable points in the pipe line, and an air in 
provided at the extreme end of the line. In some of the older plan 
in a few modern installations where conditions are favorable, the vacu 
created in an air-tight storage tank at the discharge end of the pipe 


v than its suction distance; therefore, in the average installa- 
, to additional steam units are necessary in the discharge line. For 
fins of pipe, two or more nozzle fittings, or boosters, are required. 
wun be moved economically by air conveyors through a horizontal 
we of about 500 ft. and to a vertical elevation of about 100 ft. Pipe 
ange from 6 to 9 in. in internal di- 
v, ‘lhe maximum capacity of a 6-in. 
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yj Extra Heavy t 
YA wear ion « ’ ‘ 4 
ut ogee a yor is approximately 4 tons of ash W mae 
oe . 1 eo. 
Y fy, that of the 8-in., 6 to 9 tons, and 
a 





if a 0-in., 10 to 15 tons. Sizes above 













' fre not practical because of the sya. se aN 
ms (AS it of steam required to produce the Ege 23300 
LK [>_h 1. ‘Connection 





fy suction. Ashes should not be 
wy quenched when fed to an air con- 
, wad, of course, must be small enough 


AAS. 


|} co 


Fig. 182. Twin-jet ‘Booster’ or 
Straight-run Nozzle Fitting. 


Extra Heavy 
Wearing Sectio: 
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Boiler Room 
Peet el RE to enter the inlet openings. Steam-jet vacuum conveyors use a 
TATRA ROA TRIO RE RRR ORL NA, Bvow = HiAntity of steam while running; but since they remove the ash very 
MNT hatha ge ae , the cost of steam per ton of ash removed is comparatively small, 
Fic. 180. A Typical Vacuum Ash-handling System. | the nozzles are correctly proportioned and the ash is supplied 
yale Hear the maximum capacity of the line. Steam-jet conveyors 
the entire. system being under a partial vacuum. This method tw used with low-pressure plants, since it has been found by 
so little in steam power plant practice that no attempt will be jim that a minimum pressure of 60 Ib. gage is required at the 


nozzle for successful operation. One 

*Steriee Lb. of steam will move from 6 to 16 
faiie”"*" sb. of ash, depending upon the char- 
acter of the ash, the initial conditions 

of the steam, design of nozzle and 
piping, and the rate of feeding the 
TIS ashes into the pipe. Steam-jet vacuum 
being usually under pressure. The nozzles jf Hinulo-jot “Booster” (United CORVeYOrs are usually lower in first 
the jet are of monel metal or hard brass Saveyor Corporation). cost than a mechanical conveyor sys- 
the divergent type (angle 8 to 10 deg.). 7 tem of equal capacity, take up very 
inserted in special fittings, as shown in I #, oan be installed in awkward positions, result in cleaner 
These fittings may be of the straight or ty ov living floors, and ordinarily require little attention. Because 
depending upon whether they are to be t meive action of the ash, moving at high velocities, considerable 
Fic. 181. ‘Typical 90- the straight pipe run or in elbows or bent if the pipe and fittings takes place. The wear is greatest at 
i enor Jet iibow. one nozzle, Fig. 181, is used in the angle, # whore the direction of flow is changed, and it is customary 
: nozzles, Fig. 182, are ordinarily insert wearing blocks which can be readily replaced. A baffle box 
straight line fitting. A single nozzle in an offset fitting, as Hiwlalled at the top of the ash bin, to break the force of the 
is used by one manufacturer in place of twin noszles in | hwlore they drop into the storage tank. A water spray should 
run. Tho effective suction distance of a single-nozzle fit w! in connection with all conveyors discharging into the open or 


to approximately 50-80 ft. The effective discharge d hon, 


describe it. 

Figures 179 and 180 show applications of the modern vacuul 
for removing refuse from the ashpit. It will be seen that the 
created by one or more steam jets placed 
the pipe inlet and discharge tank. Only 1 
tion of the pipe line between the intake 
and the jet is under suction, the portion 
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yer, the fuel is discharged upon an apron conveyor, which delivers it 


Among the popular designs of vacuum ash-handling systems m 
two roll crushers. Chutes and by-passes permit discharge from either 


mentioned those manufactured by the Conveyors Corporation of Am@ 
United Conveyors Corporation, Brady Conveyor Co., and M. H. D 
Co. 

Ash Handling: by John Hunter and Alfred Cotton, Trans. A.S.M.E., Vol. 
p. 687. 





_-Ventilators-—._ 





























Vv 
LN 
125. Typical Installations in Modern Central Stations. — Fig Ss 


shows a section through part of the boiler room of the Calumet § 
the Commonwealth Edison Co., illustrating an application of 
types of conveyors to a modern central station. Coal is delivered = egies | 
plant in railroad cars, which enter the boiler basement on tracks dif 
underneath the firing aisle. A traveling crane equipped with a - 
bucket is used to remove the coal from the cars! and to deliver it eit! 
the storage bin adjacent to the track or to a traveling hopper, 
hopper is equipped with an oscillating feeder by means of which 
is fed to a belt conveyor. The latter is arranged so as to deliver 
directly to a pivoted-bucket conveyor (installed in duplicate) for imm 
delivery to the overhead bunkers in the boiler room, or to a Bradfe 
breaker, depending upon whether the coal is in the shape of screen 
whether it requires breaking. The coal from the breaker is car 
two belt conveyors, installed at right angles to each other, to @ 
double-roll crusher. The fuel passing through this crusher i 
delivered to the pivoted-bucket conveyors previously mention 
crusher with its associated conveyors is for emergency in case the 
is out of commission. Each of the elements of the conveying m™ 
motor-driven through enclosed gear speed reducers. Ashes aré 
directly into railroad cars through pneumatically operated ga aH Trovling 
ash hoppers are provided with a sprinkling system for quenching Meet | 
cinders and wetting the ash. — 

Figure 185 shows a section through the boiler room of the | 
Station of the American Gas & Electric Co. and the West Pent, 
Co., illustrating a simple and efficient system of coal and ash hi 
Coal is dumped from the railroad cars into a concrete pit which | gates Ha Intake 
entire length of the boiler room beneath the firing aisle. Prom oO yee $i st 
the fuel is lifted in a 3 cu. yd: grab bucket operated from an ¢ f ny 
crane. After being weighed by a device on the crane, it is ¢ 
the individual boiler hoppers. From the hopper, the coal 
through down spouts to the stoker hopper. Ash is stored in pita. _ bie 184, Coal and Ash-handling System at ‘Calumet” Station. 
accumulation dropped into transfer cars, 

In the South Meadow Station of the Hartford Electrie 
Fig. 186, coal is dumped into covered track hoppers, From 


1 Revolving car dumper now used for this purpose, 
























(o either crusher, also from either crusher to either of the two 
Hlevator conveyors. These elevators deliver the coal to the 
hunker, Drives of conveyors, crushers, and electric elevators 
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tank, until the desired quantity has been deposited. A dust-tight 
valve on top of the tank is then closed and compressed air is admitted. 
1) tle desired pressure is reached, a discharge valve is opened and the 

ty Honvoyed to the hopper over the furnace. The fuel is discharged 


are induction motors with controls so interlocked that starting 
stopping can be done only in proper sequence. 

126. Powdered-fuel Conveying Systems. — Powdered fuel is 
moved from mill to storage, from storage to burner, or directly from 
to burner, by combinations of screw feeders and pneumatic convé 
Conditions occasionally arise, however, where it is more econom 
convey the powdered product in bulk by tank cars, barges, ete. 
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the popular powdered-fuel handling systems may be mentioned the 
Rayco, Grindle, Quigley (now incorporated with the Fuller-Lehigh 
Fuller-Kinyon, Holbeck and that of the Ground Coal Corporation, 

In the Quigley system, the mixture of powdered fuel and air pa 
the pulverizer through a special separator, where the oversized pil! 
are removed and returned to the mill. The finished product and | 
entrainment are withdrawn from the top of this separator by an @% the distributing pipe in slugs, a sort of pulsometer action taking 
fan and discharged into an overhead yented-cyclone dust collector ween the air and fuel, Air is compressed to 100 Ib. per sq. in. 
the air and dust are separated. The pulverized fuel gravitates expanded to the pressure required to start the fuel. The air 
collector to the powdered-fuel hopper, and the air is returned to the tw are about 1 cu. ft. of free air for each 1.5 to 2.0 Ib. of fuel 
of the separator. From the hopper the fuel is fed by gravity inte _ With this system the fuel may be moved at-a rate of 50 tons 


im), Coal and Ash-handling System at ‘South Meadow” Station. 
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Woves the fuel to the end of this chamber, where it is aerated by a 
tanks are supplied singly or in as many units as conditions dict Volume of compressed air. The air-fuel mixture is forced from this 
notable installation of the Quigley system is in the Cahokia Static Hivough a reducing nozzle to the various bins. Beyond the nozale 
Union Electric Light & Power Co., St. Louis, Mo. A complete la) Valve w hich can be closed while the air line is being blown out with 
a Quigley powdered-coal plant is shown diagrammatically in Fig. Haeh bin is provided with a vent pipe, but no cyclone is considered 

In the Holbeck low-pressure distributing system, the pulve y owing to the small amount of air used. Air requirements are 
is delivered from the vacuum separator of the mill through an e Hately I cu. ft. of free air per lb. of powdered fuel. Air pressures 
to the cyclone separator. The air returns to the pulverizer thr Wilh) the distance and range from 5 lb. for a horizontal distance of 
return pipe, while the fuel drops into a central bin and is withdra 1) 0 lb. for a horizontal distance of 3000 ft. Power consumption 


per hr. through a 4-in. pipe for various distances up to 4000 ft. 
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ti 188, ‘Typical Powdered-fuel Plant — Fuller-Kinyon System. 








Fria, 187. Typical Powdered-fuel Plant — Quigley System. ‘*eor and pump varies from 1.2 to 2.0 hp-hr. per ton of fuel 


1 (Moo, Power, Aug. 5, 1924, p. 215.) 

hie inetallation of the Fuller-Kinyon system is at the Lakeside 
M. Wrancis, Wisconsin, of the Milwaukee Electric Railway & 
WW 


the bottom of the latter by a feed screw. This screw delivers! 
into the suction side of a high-pressure blower. From this poifi 
fuel is blown through the distributing mains directly to the burnep 
remaining air and fuel, which are not used at the furnaces, are 
through an auxiliary line to the collector and are separated, 
returns to the bin and the air to the suction side of the blo 
return of the surplus air and fuel permits the maintenance of 
velocity in the distributing line to keep the fuel in suspension i 
of the number of burners in operation. About 25 per cent of 
quired for combustion is used in the distributing main, a 
proximately 50 cu. ft. of free air per lb. of fuel. 

Figure 188 gives the general details of the Fuller-Kinyon aj 
dered fuel is fed from the bottom of the storage hopper into 
which is essentially a worm or serew revolving in a closed eb 


ov, Transportation and Combustion of Powdered Coal: Bureau of Mines, 
17, 1) Power, June 3, 1924, p. 900. 
» Mowdered Coal Plant: EH. Kreisenger, U. 8. Bureau of Mines, Tech. Paper 


jeoll Woeding Systems. — Oil may be transferred from the 
sh to the burner by (1) gravity feed, (2) column gravity feed, 
ul alr, and (4) steam or motor-driven oil pumps. All of these 
he found in present-day operation, but by far the great 
) steam power plant practice are of the oil-pump class; for 
Ho attempt will be made to describe any but the pumping 
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folled, A popular automatic control, used principally on the Pacific 
{, ia the Moore-Patent automatic fuel-oil regulating system. This 
i) controls the supply of oil to all burners, the supply of the atomiz- 
fen! to all burners, and the supply of air for combustion, for any 
fey of burners, all from a central point. In this system all individual 
’ valves, both steam and oil, are opened wide or nearly so, and all 
/# ure Operated under full pressure in the respective mains. In the 
/ jlunts, all dampers are connected to a common rocker shaft and 
Mimultanecously. A slight 


systems. All oil-feeding systems must be installed in accordar 
Underwriters’ requirements and community ordinances, except, of 
where there are no restrictions and fire insurance is not desired. 

Figure 189 gives a diagrammatic arrangement of the equipmé 
piping in a typical ‘“ oil pump ” system, illustrating current practi 
burners of the steam-atomizing type. Steam-actuated oil pum 
stalled in duplicate, draw the fuel from the service tank and d 
under pressure to the burners. The oil supply to the pump must 
sufficiently low viscosity to flow freely. With many of the loy 



















































































s ate: 3 
Pee Be Hon in the steam pressure $4 " 
—— q , Hie boilers, due to any FE , 
To ON Burmers ov Heater Quiet Valve g)0ll Heater Outlet Valve jon in the demand for #3%% 
Pressure Gauge “ Pressure phy Relief Valve . f & 30040 
Steam Supply to Heaters @ | , is the primary means £3 530 
Steam Supply | OFT Tp Reliet Valve iivol for a steam regu- & “4 
; i Drpaee @y Fu fy governor which varies “° %—¢ Fo cate of ated Ma, 9, 12), 180, 140 250 
| aaator | ' | jWeanure at the oil pumps er Cent 0: ted Capacity of Boiler 
(i: oom ik: Hpi oll main, ‘The mup- Fig, 100, Ralston Betvom Oi and Sion 
REE SS RE , Wf steam to the burners is : nyt 
Steam Supply —> "Drain Line from Heaters ate, ° Control. 
wrmy | nbain Wed by regulating the 
Ate Chamter L, a ie i & separate low-pressure main common to all burners, the 
eo —O t——$——_—~} clief to Suction E ‘ » A Fi é 
th, ve \n the steam main bearing a certain predetermined relationship 
Oi Pump 2 ho ae jeeure in the oil main and being controlled by a ratio regulator. 
: t] iw of & specially constructed diaphragm regulator, the opening of 
. Return Line from Burners to O31 Pump Suotion j iiley dampers is made to increase or decrease with a corresponding 
Fig. 189. Diagrammatic Arrangement of Piping for Fuel-oil System (Ste os ; ; ; § nies 
oof pressure in the oil main. For a description of this apparatus, 
fuel oils, this necessitates preheating to between 90 and 110 @ y _ " mK Wipe 9, 2908, "EN gh: iene. cabuges 
The piping is cross-connected so that repairs can be made withd : \ jig and oil and steam pressures for a special case is given in 
rupting the service. The oil is forced by the pump through a } 
ceiving its heat from the pump exhaust. With the steam-atom TABLE 39 


of burner, oil temperatures at the burners above 160 deg. fahr, 
necessary. Therefore, the pump exhaust has sufficient tempor 
effect the necessary heating, provided, of course, the amount of 


TOMPRNRATURE OF FUEL OILS FOR MECHANICAL ATOMIZATION 


(Peabody Engi.eering Corporation) 


ample. The heating of the oil should not exceed the vapori#il Livavity ‘Temperature to Which "Specific Gravity Temperature to Which 
under the existing oil pressure, otherwise a sputtering flame may tauin tee fa Berane te 
Strainers of the duplicate type are placed between the supply , 

pump suction, and in the oil-feed line between the pump and 

The relief valve between the pump and burners is set at a defiy a 330 18 185 

mum oil pressure so as to prevent excessive pressure. All oll aD | — 
installed so that it can be drained back to the storage tank aa 4 = 

in case of necessity. In small plants, the oil and steam 2 28 95 
usually regulated by hand at each individual burner, In 1 210 80 85 


the oil and atomizing steam pressures and the air supply are au 
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jilraft fan through the opening of damper D, Mason-type regulator 
the fan is motor-driven, or through regulator C and a chronometer 


The oil-feeding system for mechanical burners differs from that of 
burners only in the elimination of the steam line to burners and } 


use of higher oil pressures and temperatures. The pressure depend ji the steam line if the fan is turbine-driven. M is the master 
the viscosity of the oil and the rate of combustion, but ranges ap operated by variation in main steam pressure by means of the 
mately from 75 to 250 Ib. per sq. in. The viscosity of liquid fuel yiype regulator R; H is the hydraulic cylinder and piston which 
strictly a function of specific gravity. Water-gas tar, for example, * the forced-draft damper, or, if it is used with steam-atomizing 


very heavy (in fact, heavier than water) is at the same time ve js, (ho stack damper. Water pressure through pipe P actuates the 
and requires no heating for use in mechanical atomizers. For a¥ fain valve; V and V’ are pressure-reducing valves through which 
fuel oils, the temperatures are approximately as in Table 39. T | jnnnes for a low fire. 
pumps may be steam or motor driven, but should be of the rots Nalanced-Draft, Hagan and Ruggles-Klingeman combustion-con- 
in order to avoid pulsations. The temperature of the oil is ond yeti are also designed to meet the requirements of fuel-oil furnaces. 
above that of the pump exhaust, and the heaters are therefore of th : : 

; , 3 wy Liquid Fuels: Report of Prime Movers Committee, N.E.L.A., T3 1922, . 
steam type. The full-line oil pressure should always be main Hy Vari 13, 1923, p. 297 
the tip of a mechanical atomizer, the individual burner valves ou Dnloading Apparatus: Power, Dee. 7, 1920, p. 890. 
being left open. The variation in load may be handled either by tine Transmission of Crude Oil: Power Plant Engrg., Dec. 1, 1919, p. 1039. 
in or cutting out th Merit Automatic Oil-stoking System: Power, Oct. 4, 1921, p. 531. 
vidual burners, or pref ! Heating of Oil Fuel: Ind. Management, Vol. 66, July, 1923, p. 36. 


by varying the oil p (oal-weigh Larries — Coal Valves. — The weighing of fuel is just as 


at the pump, or # iit to the economical opera- 
the agency of a mastel wf the boiler plant as is the 
leading to the | fw of raw material to that 






Mechanical oil burne Wilustrial plant. It is sur- 
readily controlled how many boiler plants, 
ically. In the M il emall, make no attempt 
matic Oil System “rv to weigh the fuel after - 
DIOGeUre OS the lwen delivered to the plant, 
side of the pump is go! dhe ho vocords for determining 
through a steam *! eonsumption but the fuel 
master controller set, ¢ furnished by the distrib- 
connected to the main While, with certain types 
Fic. 191. Diagram of Automatic Oil-stoking header. This “m, va, ib ia possible to closely 
Control Narragansett Elec. L’t’g. Co. troller set,” located ne wte the rate at which fuel 
. pumps, operates & , » furnace 

interlocking device on the front of each battery of boilers and a, fon “ ee 
the fires and dampers in three predetermined steps. Separate how of the feeding ram, the 
dependent adjustments are provided for the pressure of oil to b ty of plants depend sno 
flue damper and speed of fans (when used), As the mee Mont weighing of the sup- 
trolling the fire is interlocked with that governing the draft, @ | it te fod to overhead bunkers | 
in the firing cannot be made until the dampers are in proper posith individual stoker maga- aie ua 
Figure 191 gives a diagrammatic arrangement of the auto! Tho most popular method 
stoking system at the power plant of the Narragansett Eleotrh modern boiler plant is 
Co. The mercury-sealed bells, actuated by duet PressUredy the fuel in a traveling hopper scale called a larry. The tracks 
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We ‘a 




























Tia. 192, Conal-weigh Larry — Hand- 
propelled, 
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the simple slide valve and the simplex and duplex rotating valve. 


for the larry run under the down spouts of the overhead bins or 
lutter class are the flap valve and the rotating valve. They are 


hoppers, and above or on the boiler-room floor, depending upon ¥ 


the track is of the suspended type or is laid on the floor. The i) various sizes and designs, but those illustrated are examples of 
may be hand-operated and hand-propelled, motor-propelled and © ‘e common types. The simple slide valve is applicable only to 
controlled, or motor-propelled and motor-controlled, depending /f coal and to small spouts, since coarse or lump coal may get in 
the size. Larries afe constructed in various sizes ranging in ¢ Wey and prevent proper closing. The simplex valve consists of a 


rotating jaw actuated 
by alever. There are 
no rubbing surfaces, 
and the jaws cut 
through the material 
without jamming. 
The duplex valve con- 
hes Mo sists of two rotating 
‘Typical Coal Valves for Vertical Discharge, J@WS connected to a 
, common actuating 
The jaws move simultaneously, so that even a partially open 


from 1/2 to 25 tons. 

Stationary weighing hoppers may be installed above each stoker 
zine, but the first cost is apt to be prohibitive. A typical insta 
shown in Fig. 193. 
toms of the overheat 
bunkers lead into the 
hoppers A, A. The op 
of any single weighing } Bite 
is as follows: Coal Ww 
from the overhead bur 
weighing hopper H by 







































on of valve~ 7s a0 livers the coal centrally. When the valve closes, the flow is 
& coal in the weighing Il y lopped by the decreasing width of the opening and there is 
transmitted by a fewistance to the movement of the jaws. The largest valve can 
= levers arid’ knife pperated by hand. 
z enclosed « acaleaiaaa Hap valve is the simplest form for drawing coal from a side bin. It 
= noted in ‘the usual fierely of an iron flap hinged to the bottom of the chute. The 
= weighed charge of coal lowered to let the coal run | 
= admitted to the dom lop and is raised to stop 
Ee by means of valvenil _ It cannot be clogged or 























Wi vlowing. ‘The flap is raised 
ml by a simple lever. For 
' bina, where the valves 
# opened and closed fre- 
the " Seaton” valve is usu- 
fred, This valve consists 
Jaw, WK’ and TT’, pivoted 





thoseat V. Weighing 
are sometimes de 
matic; that is, the 
and closing of valves, 
of coal, and recor 
weight are automatic 
formed by the weigh 


|W 





: Aa , : r ie framework at O and S™?"*" ‘ eae 
Fic. 193. Stationary Coal-weighing Hoppers. coal itself. The sealé 2 ‘Fra. 195. Typical Coal Valves for Side 
for discharges of &— y hy lever A, rhe valve is Discharge. 
weight, and continues to discharge this amount automatically, lly wlowed, Raising lever 
few plants which are equipped with automatic weighing hop the cutoff blade HE’ to rotate about O and permits the coal 


Moueh the space between the edge of the jaw EF and the end 

» ‘The cut-off blade does not reach a stop; hence there is no 
ff & lump of coal getting in the way and preventing the prompt 
valvo, 


capacity of the hopper is approximately 100 lb. per discharge, 

Figures 194-5 illustrate the principles of a few types of ee 
They may be conveniently grouped into two classes accord 
location of the coal pocket; (1) those drawing the coal from 
bunkers and, (2) those drawing from the side of a bin, In the 
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Coal and Ash Handling Systems: 

Waukegan Station, Public Service Co. of Northern Ill.: Power, Jan. 
p. 80. Power Plant Engrg. Jan. 15, 1924, p. 119. 

Cherry River Paper Co.: Power, Dec. 18, 1923, p. 990. 
Marysville Plant, Detroit Edison Co.: Power, May 29, 1923, p. 824. 
Hell Gate Station: Power, May 2, 1922, p. 679. 
Delaware Station, Phil. Elec. Co.: Power, May 24, 1921, p. 806. 
Consumer Co., Milwaukee: Elec. Wld., Dec. 29, 1923, p. 1314. 


CHAPTER VIII 
CHIMNEYS' 


fieneral. — A boiler setting is provided with draft for the purpose 
ily proportioning air to fuel supply and conveying the products of 
i through the complete setting, including furnace, tubes 
fers, cinder catchers and the like. The term draft withied ofelis 
li) reality signifies flow, but in boiler practice it usually refers to 
sure difference producing the flow. Draft may be produced 
milly by means of fans, blowers, and steam jets, or thermally by 
W vhimneys. Stacks or chimneys generally offer the simplest 
W eonducting the products of combustion to waste; and since the 
tit he discharged at a sufficient elevation to prevent their being 
iiiimanee, the height of stack necessary to effect this result is often 
1 1» create the required draft. Even if considerable height must 
110 the stack over and above that required to discharge the gases 
i elevation, the extra cost may be considerably less than that 
fy) techanical draft operation. For this reason the majority of 
#! moderately sized steam power plants depend upon chimneys 


PROBLEMS 


1. If power costs 1.5 cents per kw-hr. approximate the cost of moving 20 t¢ 
per hour a horizontal distance of 50 ft., by means of a screw conveyor. 
2. Determine the power required to drive a scraper conveyor carrying 
bituminous coal per hour, sliding blocks to be used. The weight of the’ 
flights with sliding blocks is 26 Ib. per linear ft., the capacity of the cony 
tons per hour. The distance between centers of head and last sprockets” 
and the angle of conveyor with the horizontal is 30 degrees. Speed 50 ft. p 
3. Determine the power required to drive a pivoted bucket carrier ha‘ 
of 60 tons of coal per hour; rollers 6 in. in diameter with 1 3/8-in. pins; 
of empty carrier, 80 lb.; horizontal length of conveyor, 400 ft.; vertical li 
right angle turns; horizontal length traversed by loaded buckets, 300 ft. 
conveyor, 50 ft. per min. 

4. Determine the power required to elevate 140 tons of coal per hour by 
24-in. belt. Speed of belt, 300 ft. per min.; vertical lift, 30 ft.; length @ 
between centers, 300 ft. The system contains 3 fixed and 2 movable tripp 

5. A steam-jet conveyor equipped with one 5/8-in. nozzle has a capaci 


of ash per hr. If the steam pressure at the nozzle is 125-Ib. gage, q a : ; 
100 athe ey required the lb. bab removed per lb. of steam when the syst In larg Plants equipped with forced-draft stokers and cinder 
ing at full capacity. Use Napier’s rule (equation 280) for calculating where fuel is burned at a high rate of combustion, or where 
discharged through nozzle. re ave used for abstracting heat from the flue gases, mechanical 
6. What will be the cost of conveying 24 tons of ash if the conveyor in Mimonly employed; but even in these cases a stack is necessary 

of the products of combustion. 


operating at full capacity and other conditions are as follows: Heat 
11,500 B.t.u. per lb. as received; overall efficiency of the boiler units, 7 
boiler pressure, 150 Ib. gage; feedwater temperature, 180 deg. fahr.; coat of 
ton of 2000 Ib.; fixed and operating charges other than cost of fuel, 40 ¢ 
Ib. of steam? 


Piliiney Draft, — When in operation, a chimney is filled with a 
if ween with higher average temperature than that of the sur- 
air, Asa result, the density of the gases within the stack is less 


of the outer air, and the pressure at the bottom of the column 
le (he atack than it is outside. 

yelioal maximum static draft of a chimney is the difference in 
thw column of heated gas inside the stack and of a column of 
fof the aame height. This maximum can be realized only when 


me tow and there is no transfer of heat, or leakage of air into the 


tow! tho torma “ chimney ” and “ stack ” are used synonymously. Builders 
ply the term “chimney ” to the masonry and concrete structures, and 
the etoel atructures, . 
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Let D = maximum theoretical static draft, in. of water. 
H = effective height of the chimney, ft. 
d, = mean density of the outside air, lb. per cu. ft. 
d, = mean density of the inside gas, Ib. per cu. ft. 


0.192 = factor for converting pressure in lb. per sq. ft. to in. of 9 


Then 
D = 0.192 H (dz — d,) 


While equation (66) offers a simple and accurate means of deter 
the maximum draft pressure for specified densities, it is not easily 
in commercial design because of the number of variable factors inflt 
the densities. Thus, the density of atmospheric air may be expre 


PhP, 


saa be ae 1 
= O75 T, + Me 


da 


in which 


P = observed barometric pressure, in. of mercury at 32 d 


h = relative humidity of the air 
P, = pressure of saturated vapor at temperature T, in. of 
T, = absolute temperature of the air, deg. fahr. 

d, = density of saturated vapor at temperature 1’. 

pressure, lb. per cu. ft. 


ll 


Similarly, the density of the chimney gases may be expressed ; 
d, = Kd,(T. + T.) 

in which 
K 


ratio of the density of chimney gas to that of dry 


same pressure and temperature. 


T,, = absolute mean temperature of the chimney gases, 6 


By combining equations 66, 67, and 68, we may obtain an @ 


which contains all of the variables except those involving the 
currents across the top of the stack, or, in case of absence of 
fluence of the heated column of gas above the chimney mé 
idea of the extreme variation, in general power plant practioa, 
fluencing factors may be gained from the following summary! — 

P, the barometric pressure, decreases approximately 1 in, 
for every 1000 ft. increase in altitude, and for a given altitud 
meteorological variation is as great as 2.0 in, of mercury, 


1 Por derivation of this equation seo equations (193-8) and | 
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anges from 0.03 in. of mercury in extremely cold, dry weather to 
en hot, humid days. 
the outside temperature, may 4 








from —10 deg. fahr. or lower to 4 
or even higher. ; £ 0 





Miwon from 0.000032 Ib. per cu. § sso! 
Pxtremely cold weather to 0.0015 §°! 
Wet, humid days. 820 
jen from 1.07 for dry fuels high 3 s00 


















































mW content, to 0.94 for fuels by 
Hu (lue gases high in moisture S 
° 
J £ 20 
& 
the moan temperature of the §% 
= 
fiiwon, may range from 800 bee 
f or more to as low as 200) wl 


Steiniat Rich iin; Feet 

Fia. 196. Temperature Variations 
in a 150-ft. Chimney at Different 
Rates of Combustion. 


deg. Temperatures below 350 deg. 
are seldom experienced except in 
connection with economizer prac- 
tice. Because of the increased 
height of stack necessary to neu- 
tralize the reduction in stack tem- 
peratures, economizer installations 
are commonly made with mechan- 
ical draft. Attention should be 
called to the fact that the actual 
temperature of the chimney gases 
is not constant but decreases from 
the flue entrance to the top because 
m aa ortre-e of air infiltration and heat losses. 
dure uf Uninney Gases, Deg. Far. This reduction in temperature varies 


























ri Diam, Ft, i i i 
"\ Racal Bik with the type, size, and construction 
h fied, Unlin of the stack, temperature difference 
ones Radial Belok between the, chimney gases and the 
H Fe genteel Mined outside air, velocity and direction of 
SE Momberature Variations in outside air currents, and numerous 
Chimneys, other factors. Some idea of the 


- drop in temperature for a few specific 
gained from inspection of the curves in Figs, 196 and 197, 
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Loss of Heat in Brick Chimneys: Alfred Cotton, Power Plant Engrg, 
p. 747. 


Experiments on Stack Performance: Julian Smallwood, Power, Sept. 16, 19 


» olher height, multiply the tabular quantity by H/100 where H is the 


Hier pressure, multiply the tabular quantity by P/29.92 where P is the 
Because of the great number of variables and the extreme ram M theroury. 
values of the influencing factors, it is customary, where specific 
not available, to eliminate all but the more important variable 
eliminating hP, and d,, and assuming K = 1, equations (66) 
may be combined and reduced to the following form: 


{ion wives results within 5 per cent of those calculated from the 
jawa, for all but extreme conditions — a negligible error con- 
jwobable range in the assumed values for P, T, and T... In 
WAtion (69) to the design of power plant chimneys, it is common 
take /’ as the average barometric pressure for the locality in 
wiaek in to be built, and 7, as the average temperature of the 
1, way be approximated from curves such as shown in Fig. 
Here apecific data are not available, it is taken as 0.8 that of 
mitering the breeching. See Fig. 65 for influence of rate of 
fiieue temperature for a number of types of boilers. 


meng 
D = 0.255 P(r- 7) # 


An examination of equation (69) will show that for a given set 
ing conditions the maximum static draft is independent of 
diameter and varies directly with the height. 

The values in Table 40 are based on equation (69). : : i ; 
#8, — Required the maximum theoretical draft pressure which 
tet from a brick chimney 175 ft. high, by 96 in. diameter, 


Wii assumed conditions: Barometer, 29.5 in.; temperature 
1, 00 dog. fahr.; temperature of gases entering base of stack, 


TABLE 40 
THEORETICAL MAXIMUM DRAFT PRESSURE IN IN. OF WATER, CHIMNEY 100 


Temperature of External Air, Deg. Fahr. Barometer 29.92 In, of Mi 


Hlere P = 29.5; T, = 460 + 60 = 520; T. = 0.8 X 550 












‘ ~ pm i) (0.8 assumed factor for temperature reduction). Sub- 
values in equation (69) and reducing 

0.502 | 0.467 0.340 0.285 | 0,257 é 1 1 

0.568 | 0.533 : ’ ’ 

0.598 | 0.564 0.436 0.379 | 0,868 « 1,07 in. of water. 

0.623 | 0.592 0.465 0.409 | 0.382 

ed Bre cae er pe  & low is established, the static draft will decrease, since part 

0.704 0.669 Aer 0a oa tial energy is required to impart velocity to the gases and 

ae ate 0.587 0.531 | 0.504 freletunce of the chimney walls. Furthermore, the breech- 

0.771 | 0.736 0.608 Me er Hainper, baffles and tubes, and the bed and grate all retard 

pees pe ee See 0. HAn i the gases, and the draft from the chimney is required to 

0.828 | 0.794 0.666 He be 4! i * resiatances. If an economizer or a cinder catcher is used, 

4 sok oot ea oe fiviher pressure drop. Neglecting leakage and minor in- 

0.880 | 0.845 0.717 0.660 | 0.004 Various pressure losses may be expressed: 

0.894 | 0.860 nee Oar oa 

0. 0.8 P p OF 

nee OSs ; 0-706 0.070] Dm Dy Dy + Dy + Da + Dt + De + D, (70) 

0.038 | 0.903 0.710 | 0,00! 

“it G3 py : 4 the maximum theoretical static draft, D, the pressure drop 

1.097 | 0.998 0.808 | 0, ‘} wid grate necessary to effeet the desired rate of com- 





(rop through the boiler, Dy the draft pressure required to 
ieee from breeching to stack velocity, and Dy, Dy, Dy D, 
ure drops through the damper, flue, chimney, and right 


Those values aro based on the assumption that the chimney 
denalty aa the outside air, 
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angle turns into the breeching. Transposing equation (70) we h TABLE 41 
D,+ Dp+ Da= D-— (D, + D; + D,+ D,) ® OF HOLID CONSTITUENTS ON THE RESISTANCE THROUGH FUEL BED AND 
GRATE 
D, + Dy + Da is the static draft required at the stack side of (Worker and Peebles) 


D — D,, is the effective draft of the chimney and D — (D, Natural-draft Stokers 
+ D,) is the available draft.at the stack side of the damper. 

All of these pressure losses increase approximately with the | 
the velocity of flow and may be expressed mathematically; 
extreme diversity in operating conditions, many of the factors 
into the analysis can only be roughly approximated, with 
result that the calculated values are more or less arbitrary. 
the losses in the order given in equation (70): 


Pressure Drop Toast Fuel Bed and Grate 
In. of Water 


Wystion 
Vi Solid Constituents, Fixed Carbon, Plus Ash, 
Wy Per Cent 


40 50 60 70 80 








D, the total or maximum static draft, may be calculated from 0.02 0.03 0.05 0.07 0.10 
PRIOE : : 4 0.07 0.09 0.10 0.13 0.17 
(69). The limitations of this formula have been previously 0.11 0.13 0.16 0.20 0.26 
the resistance of the fuel bed and grate varies with the kind ¢ 0.38 0.34 ae ge 0 ey, 
, * 5 0.22 0.27 0.31 0.38 0.46 
of the fuel, thickness of fire, type of grate, and efficiency of ¢ 0.30 0.36 0.41 0.49 0.58 
and can only be found accurately by experiment. For every Kk oo an $s e. om 
and rate of combustion there is a certain draft with which the } 0.52 0.60 0.71 0.83 1.03 
are obtained. ‘The curves in Fig. 60 may be used as a general 
the values are only approximate, because the moisture and ¢ Underfeed Stokers 
are not considered. A fuel containing 40 per cent of dust that 
1/8 in. round screen can be burned at only about 60 per cent Wind-ban Prearem, iat Water 
which can be secured with the same draft from coal conta Aion Te dn? aid a Wats 
‘ oa Nt ituents, Fix 7 sh, 
10 per cent of dust. Under certain conditions the addition of Hi heats i” eae aig 
dust will greatly reduce the fuel-bed resistance. The percent 
in coal also affects the draft, as will be seen from inspection ¢ . . 
D, does not enter into the chimney design for oil, gas, and po! 
since there is no grate and the fuel is burned in suspension, Hs 4 eh ig 
the case with forced draft equipment in which the fuel-bed | 1.1 1.4 1.6 1.8 2.1 
overcome by the fan ivalent. I tain t, of | 1.8 tA 27 er ye 
Vv or equivalent. in certain types : 1.7 2.0 23 2.7 3.0 
powdered-fuel furnaces, all or a part of the air for combml 2.0 2.3 2.7 3.1 3.5 
heated before it enters the combustion zone. The resistand® a3 HH Me rie “y 
heating passages to the flow of air may be designated ag Dy 3.0 3.5 4.1 4.7 5.9 
take the place of D, in general equation (70). Specific data ; ‘; ray He 50 ar 


of furnace equipment may be had from the manufacturers, 
Dy, the loss of draft through the boiler and setting, varies ¥ 
limits, depending upon the type and size of boiler, arrangenit 
and baffles, design of setting, type of grate, nature of the 
and rate of driving, and ranges from less than 0.1 in, to 1.0 
The data given in Table 30 and Fig. 63 may be used as a 
mating the extent of pressure drops for different types 6 
tings. The values in the table apply to handefired g 


4) Wo 55 per cent and rates of combustion ranging from 20 to 30 
ie coal por aq, ft. of grate surface. They also apply to mechani- 
of the natural-draft type, burning 20 to 40 lb. of coal per sq. 
surface, with the capacities in either case ranging from rating 
wont overload, The relative pressure drop increases with the 
there appears to be no close relationship between these two 
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» 0,008 (‘This is the algebraic mean of the values assumed by various 
authorities), 

» velocity of the gases, ft. per sec., 

» wight of stack above the breeching, ft., 

» ilwmeter of the stack, ft., 


factors for different boiler equipments. Specific figures may be © 
from boiler manufacturers. 

D,, the draft required to accelerate the gases, varies in 200 
with the law 


h = (V? — V2?) + 2g 


: : joan abs. temperature of the chimney gases. 
pee aes ‘ : é ly of equation (74) will show that, all other conditions remaining 
h = head in ft. of gas producing the velocity, d, the draft loss due to chimney friction is in direct proportion 
V2 = velocity through the damper opening, ft. per sec., Weight, From equation (69) it will be seen that the static draft is 


Vi; = mean stack velocity, ft. per sec., 


ily proportional to the height. Doubling the height doubles 
g = acceleration of gravity = 3%.2 (approx.). 


jv draft and the friction loss, but the maximum capacity is 


Assuming a gas density of 0.085 Ib. per cu. ft. at 32 deg. fahr, 
Ib. per sq. in. pressure, and reducing head in ft. of gas to press 
water, equations (69) and (72) give 


: 2 
D, = o.1a4 Fe (Tee) 


the velocity reaches the point where D, is equal to the static 
ie waximum capacity of the chimney is attained. 
‘ion in Table 42 are based on equation (74). 
yl weight of the gases instead of velocity, equation (74) reduces 
P T, i 


D,=kW?H T, + @ (75) 


in which 
P, = observed barometric pressure, Ib. per sq. in., bh lw « coefficient, including the coefficient of friction and the 
» lb. . in. 
P = one standard atmosphere = 14.7 lb. per sq. in., Milietion constants. 
T, = abs. temperature of the chimney gases, deg. fahr. 1 Ufor the constant K = 0.008 in equation (74). C. R. Weymouth, 


Tyansactions A.S.M.E., Vol. 34, 1912, p. 652, gives k a value of 2.3. 
Weiwht of chimney gases, lb. per.sec., 
HMiameter of the stack, in. 


The pressure drop necessary to accelerate the gases in 
through the boiler up to the damper is included in the values Mw 
D, and D, and hence need not be considered. The draft requ 
celerate the gases from the velocity leaving the boiler to ee 
is ordinarily small and may be neglected, but in case of h 
differences, 10 ft. per sec. or more, it should be included 
pressure drop. 

Da, the loss of draft through the damper, is varied arbit 
the load requirements. The minimum value of Dy ¢o 


HHlations as in equation (74). 

tw shown! that the capacity of the chimney, expressed i in weight 
Wieved while providing practical draft at the base, is greatest at 
; 000 dog, fahr., and that the capacity falls off when this tem- 
paoooced, 

draft resistance of the flue, or breeching, varies with the size, 


« wide open damper ” is usually included in the boiler loss Dp } sonatruction of the conduit, and may be calculated by means 
Th 1 ted rules for determining the ime Pywtion (74) or (75). In applying these equations to flue cal- 
ERE HOLLY | SOOC PEED) AEM A eae subetitute the length of flue for H and the diameter or equiva- 


through the chimney are all based on Chezy’s formula W 


Tho coefficients K and k for the resistance of the flue are or- 
expressed 


ey ae 20 per cent higher than that for the chimneys. The 
of ejuare flues is approximately 12 per cent, and that of rect- 
(ratio 1 1/2 to 1) 15 per cent greater than that of round 
sane aren, A common rule is to allow 0.1 in. of water pressure 
linear foot of flue, See also equations 123-4. 

wey Steen, Alfred Cotton, Trans, A.8.M.1., Vol. 45, 1928, 


D, = KV*H + DT, 
in which 


D, = friction loss in in, of water, 
K = coofficiont including the coefficient of friction and ¢ 
duction factors, ' 
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¥ \s only a comparatively small percentage of the total loss (except 
velocities); hence a careful calculation of the chimney friction, 
1i}) guesswork in estimating the other losses is highly inconsistent. 
fit (ents made on a number of tall chimneys in successful operation 
| the effective pressure at maximum rating is not far from 80 


TABLE 42 


DRAFT LOSS PER 100 Fr. OF A BRICK-LINED CHIMNEY 


Barometer 29.92 In. of Mercury 
Mean Temperature of Gases 540 Deg. Fahr. 


Velocity, Ft. per Sec. 























Pai haas ol the theoretical maximum static pressure. (This factor allows 
‘a 9 ‘5 * i“ bo 3 a fivop in temperature of the chimney gases and for the drop in pres- 
een ies Se ty rietion.) Assuming this to hold true for chimneys in general, 
4 0.020 | 0.045 | 0.080 | 0.135 | 0.180 | 0.245 | 0.320 | 0. ein of determining the height becomes a comparatively simple 
5 0.016 | 0.036 | 0.064 | 0.108 | 0.144 | 0.196 | 0.246 | 0.8 view of the uncertainty of many of the influencing factors, results 
: be pa es ee oar ane ‘% Hy | * a o i) (his assumption are perhaps fully as reliable as those calculated 
8 0.010 | 0.022 | 0.040 | 0.067 | 0.090 | 0.122 | 0.160 | 0. Various formulas, at least for the average plant. 
ae yi de Nee! He Ay aes oi 0. ai lmigned central chimney, serving several boilers and subject to 
it: Soe al 0.016 | 0.029 | 0.049 | 0.065 | 0.089 | 0.116 | 0. hile load variation, should have comparatively low stack and 
: Oe ie ; oe : eo fe Speed San ae oi; friction in order to insure “ draft regulation.” While a certain 
14 _......| 0.013 | 0.023 | 0.038 | 0.051 | 0.070 | 0.091 | 0. i is necessary, it should be the aim to provide a chimney with 
= geese : on : a ee 9 . oe } Ca Stam a Haile excess draft over the necessary maximum, future require- 
17 ‘|... .| 0.010 | 0.019 | 0.032 | 0.042 | 0.057 | 0.075 | 0. Minne, being considered. For very high stacks, such as are re- 
ES ee Ceca 0.018. [01850 | 0.080: '0 aes ae full office buildings, the diameter is made very small so that a 
A RSA Bee 0.017 | 0.028 | 0.038 | 0.051 | 0.067 | 0, " 88, y sae 
PP at ae ae Rear 0.016 | 0.027 | 0.036 | 0.049 | 0.064 | 0. Hie portion of the pressure drop will occur in the stack and breech- 
Wine the draft will be excessive even with throttled damper. 


For any height or length H in feet, multiply by 0.01 H. 
For any other pressure, multiply by P/29.92 where P is in in. of mere 
For any other temperature ¢, multiply by 0.001 (¢ + 460). 


Vienne of Drafts in Steam Boiler Practice: U. 8. Bureau of Mines, Bul. 


Pupaetty of Chimneys: Combustion, Mar., 1924, p. 186; May, 1924, p. 354. 


D,, the pressure drop due to right turns, is frequently taken 
lent to 0.4 the velocity head, and may be calculated from equi 
by making V, = O, and substituting 0.05 for the constant, 
gineers assume that the resistance of a turn is equivalent to thi 
of breeching, and others assume it to be equivalent to the drop 
ten diameters long. A rule of thumb is to allow 0.05 in, of 
turn. The discrepancy in results from applying these rules to 
set of conditions is decidedly marked. Preference is given 
rule. 

An examination of equations (74) and (75) will show that 
draft loss of the chimney cannot be calculated: directly unless 
and diameter are known. Since these are the quantities to be ¢ 
it is evident that the problem lends itself only to a “ cut and try 
provided the equations are to be satisfied. Jf the various pre is soloction made. 
influencing the height of the stack could be calculated or exti Wioke, this degree of refinement is seldom attempted, and the 
degree of accuracy, there would be some reason for exact ant ire in to calculate a height compatible with the assumed 
arbitrary values assigned in practice vary so widely that (wubjoct, of course, to community laws), and proportion 
ordinarily without purpose, Furthermore, the friction lons which are moro or leas empirical. . 


Wiiey Proportions. — A study of equations (69) to (75) will 
iiy required effective draft may be obtained from various 
nw of heights and diameters. Evidently, there must be a cer- 
wel diameter which will produce the cheapest structure. In 
ft» particular combination cannot be predetermined with any 
Hiracy because of the uncertainty of the various factors enter- 
problem of calculating the height and diameters. For an as- 
mf eonditions, the logical procedure is to calculate a trial area 
fyary velocity, and then to proportion the height so that the 
Welelht of gases generated may be discharged against the as- 
Hal resiatances. By “cut and try” a number of combina- 
iis wand diameters may be calculated which will give the re- 
ve draft, The costs of the various structures may then be 
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theoretical maximum draft per 100 ft. of stack, assuming mean 
teiipernture of chimney gases to be 0.90 of that of the flue gases 
Waving the boiler, equation (69)............ 00. e cece eect eeees 0.64 
fietion drop in stack per 100 ft. of height, equation (74)......... 0.03 
MTeolive draft per 100 ft. of stack, D— De.............06 eevee 0.61 
Wwiwht of stack in ft. above breeching (D: + De)'X 100...........- 228 


Example 24. — Proportion a brick-lined stack for water-tub 
(14 high, vertical three-pass standard baffling) rated at 6000 hp., 
with natural-draft chain grates and burning Illinois coal; boilers 1 
10 sq. ft. of heating surface per hp.; ratio of heating surface 
surface, 40 to 1; flue 100 ft. long with two right-angle bends; stat 
able to carry 200 per cent of boiler rating; atmospheric temper 
deg. fahr.; sea level; calorific value of the coal 11,200 B.t.u, 
steam pressure 250 lb. gage. 


Solution. — A modern plant of this type and size should be 
maintain a combined boiler, furnace, and grate efficiency of appre 
70 per cent at 200 per cent rating. 

Maximum b.hp. 6000 X 2 = 12,000. 

Heat equivalent of 1 b.hp-hr. = 34.5 X 970.4 = 33,479 B.t.u, Mee BO0.. 666... UE Ee es dee 20 25 30 | 35 40 

Coal per b.hp-hr. = 33,479 + (11,200 X 0.70) = 4.3 lb. approy ie tae fe be 4 

Total grate surface = (6000 X 10) +40 = 1500sq. ft. § (MN real Vitek adh fn) 

Total coal burned per hr. = 4.38 X 12,000 = 51,600 lb. ' 

Maximum rate of combustion = 51,600/1500 = 34.5 lb. per aq 
surface per hr. 

For 70 per cent combined efficiency, the air excess with a ni 


is combinations of heights and diameters may be calculated in a 
iiwnner by assuming other velocities; thus, for the preceding 


Pressure Drops 





chain grate and Illinois coal may range from 50 to 75 per cont, Ti ll ress oon Be) pe oe 0. 
care of possible reduction in efficiency, leakage, and other ad\ in crocriesssresesessss] 0-00 | 0-08 1 0°08 | Q-07 | 0.10 
ences, assume a total air excess of 100 per cent. alia BROS ei een eee eed sae eee 0.02 | 0.03 | 0.05 | 0.07 | 0.09 
Theoretical air per 10,000 B.t.u. is approximately 7.5 lb. (see Ben OF Gases. .... 2.0.0... sees eee 0.00 | 0.00 | 0.04 | 0.08 | 0.18 
Theoretical air per Ib. of coal = (7.5 X 11,200) + 10,000 = & nc siete, ints aksbe -P> soltohe rade 1.37 | 1.39 | 1.47 | 1.55 | 1.65 
Actual air per Ib. of coal = 8.4 X 2 = 16.8 lb. ™ 
Probable weight of flue gas per Ib. of coal = 17.5 Ib. Bib te i seach 222] 6208 | 0208 | 0:08 | 0:07 | 0:00 
If the ultimate analysis of the coal is known, the weight of its ve draft, <5. SAA. A 0.62 | 0.61 | 0.59 | 0.57 | 0.55 





of combustion may be calculated as shown in paragraph (44), 
Weight of the flue gas = (17.5 x 51,600) + 3600 = 250 Ib. pe NSEC RS a rR 220 | 228} 250) 272] 300 
Total volume of flue gas = 250/0.044 = 5680 cu. ft. per see, RY NESE EE See area RY 
The density 0.044 is based on the assumption that the mean t 

of the chimney gases at 200 per cent boiler load is 0.90 of that at 

ing. The temperature of the flue gas leaving the boiler is tal 





{hone stacks will produce the required draft under the assumed 
. wit, other things permitting, the cheapest combination is the 


deg. fahr. See curve B. Figure 65. olooted 

Assume 25 ft. per sec. as a trial velocity of the chimney Bhs not sd that F h b de ij 
‘Area of stack = 5680 +- 25 = 227 sq. ft. ® notoc nat numerous assumptions ave been made in the 
Corresponding diameter, 17 ft. wiialyeia, Consequently, the reliability of the results depends 
The various pressure drops at 200 per cent rating may be ijn the accuracy of these assumptions. The factors which 
follows: thw problem of chimney draft and capacity are so numerous, 
De ae sce ‘et bed _ grate, a 60 i jovi 010 >on ce Hie #0 obscure, and values so difficult of numerical determina- 
op throug iler and damper (assumed)........++ seen coven of necessity all chi , i irical: 
Dy drop through flue (calculated from equation (74)), assuming y ‘ag on : - taths x ee, Y saat Of fae ern, 

sistance of flue as that of an equivalent height of stack.. .... ary DPLY Penile expr ee 


| plants equipped with horizontal return-tubular boilers, the 


Dry drop caused by change in direction due to right angle bends ( , 
Wiions in Table 43 are recommended by the Chicago Smoke 


culated from equation (73)), assuming each turn to have a 
ance equivalent to 40 per cent of the velocity head... .. ccs. ee 
Dp acceleration of gases, assuming velocity leaving boiler to be 
por neo, (equation (73)). ciccccrereererenes en ey +. cee 


Di total draft POQUITOG,, css ceeerervereeeeeeeeeeeeeteeesetens 


of 800 hp, or more, the height of stack for coal burning under 
should never be less than 150 ft,, regardless of the kind of 
Netural draft greater than 1.5 in, of water is seldom necessary, 
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ives, Alfred Cotton, Mech. Engrg., Sept. 1928, p. 531. 

{lo Supply Power, H. Misostow, Power, Oct. 24, 1922, p. 637. 

ww af Chimneys on a Gas Basis, A. L. Menzin, Trans. A.S.M.E., Vol. 37, 
) TS, Clark, Power, July 29, 1924, p. 175. 


and higher intensities can be obtained more economically b 
induced draft. This limits the height of the chimney to ab 
250 ft. ; 


TABLE 43 
SIZE OF CHIMNEYS FOR RETURN-TUBULAR BOILERS 


fieal Chimney Equations. — Numerous empirical formulas 
oiing chimneys are to be found in engineering handbooks and 


tive, They give satisfactory results within the limits of the 
Number of Boilers per Stack 





Boiler tipon which they are based, but otherwise may lead to absurd 
ne Bee Two Three Fou! lf wpplicability depending largely upon the available data 
he various losses with the particular kind, quality, and con- 
48 x 14 214 x 90 30 X 100 37 X 110 | 424 x 120 wi, and conditions of operation. Occasionally, practical and 
54 X 16 243 X 95 344 X 105 423 X 115 49 X 125 ations fix the height of the stack irrespective of theoretical 
60 X 16 28 X 100 39 X 110 48 X 120 554 X 130 
66 X 18 31 X 110 435 X 120 533 X 130 615 X 140 
x xX 18 a xX 120 493 X 130 = x Pe vo x if 
X 20 39} X 130 56 X 140 x x 
84 X 20 45 X 140 61 X 150 TABLE 44 
/ of GAAS FOR DIFFERENT PERCENTAGES OF CO2 WHEN CO = 0 
(A. L. Menzin) 





In proportioning the area of the stack on a gas basis, the d 
44 and 45 may be used as a guide. By plotting the data com 
number of modern chimneys over 125 ft. in height, the relat 
actual velocity at maximum load and diameter appeared to 
mately as follows: 


HH the dry gases, 
i ....| 18.7 | 18.0 | 17.0 | 16.0 | 15.0 | 14.0 | 13.0 | 12.0 
wh per cont of the . 
valu 4 BE) 4.0 | 10.0 | 17.0 | 24.0 | 33.0 | 43.0 | 54.0 
~ per 10,000 
piel ohio dt Soh BB deds 1 9.6 | 10.3 | 11.0 | 11.9 
Yh in the dry 


Hine s 11.0} 10.0} 9.0} 8.0} 7.0} 6.0} 5.0 
wy cont of the 
inh ; 68.0 | 85.0 |105.0 |130.0 |162.0 |206.0 |267.0 


aaeee por 10,000 
pial ip 12.9 | 14.2 | 15.7 | 17.6 | 20.0 | 23.3 | 27.8 


V = (0.2 + 0.005D) V’, 
in which 
V = actual maximum velocity of the chimney gases, ft. p 


D = diameter of the chimney, ft., 
V’ = theoretical velocity, ft. per sec. 








TABLE 45 


The theoretical velocity of the gases in the chimney is that. } 
AVHNAGH VELOCITY OF CHIMNEY GASES 


the entire static pressure difference is available for producing 
may be expressed 


V’ = V2gh = 8.03 VH (da — d,) + de 
in which { 
h = head of a column of chimney gas, in ft., which would 


theoretical pressure difference. Other notations ast 
(66) and (75). ' 





ey whee discharged, 


10 100 500 2500 5000 8000 12,000 
ease 10 15 20 25 30 3 40 


ty at maximum load, 





ere Haeed upon data compiled from 200 modern chimney installations 
is av diameters, There appeared to be no definite relationship 
awl veloolty, and the values in the table represent gross averages 


For the data in example 24, the theoretical velocity is 


V’ = 8.08 [175 (0.07636 — 0.04412) + 0.04412 
~ 90,8 ft, per see, 


js one of the most popular rules for proportioning stacks 
. It is based on the assumptions that: 
of (he gases varies as the square root of the height. 
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2. The retardation of the ascending gases by friction may be con 
due to a diminution of the area of the chimney or to the li 
chimney by a layer of gas which has no velocity, and the thickness ol 
is assumed to be 2 in. 


Thus, for square chimneys, 


E=D?—-8D+12=A—067VA TABLE 46 


SIZE OF CHIMNEYS FOR STEAM BOILERS 


and for round chimneys, Kent’s Formula 


E=7(D?—8D +12) +4=A—0.591VA 


For simplifying calculations, the coefficient of VA may be ta at, 50 | 75 | 100 | 125 | 150 | 175 | 200 | 225 | 250 | 300 


for both square and round chimneys, and the equation becomes ~ 


E=A-06VA 


Height of Chimney, Ft. 


Commercial Hp. of Boiler* 


177 23 28 
3. The hp. capacity varies as the effective area E. : 1 4 | 
4, A chimney should be so proportioned as to be capable ¢ 0M 65 | 81 
sufficient draft to permit the boiler to develop much more than 4.01 41 108 | 119 
power in case of emergencies, or to permit the combustion of 5 t mT) bias] 290): v140e). ok 
7 th 157 182 204 
per rated hp. per hr. t cee } aw |... | 190] 219 | 245 
5.° Since the power of the chimney varies directly as the effedt 
E and as the square root of the height H, the equation for hp. fe ) % 224 = prs ar 
size of chimney will take the form } wo - |... | 449 | 503 | 551 | 595 
oft vo ... | 565 | 632 | 692] 748 
= Cn YH 0 .... | 694] 776} 849] 918} 981 ‘ais 
A E d Yt v7 rts 835 934 | 1023 | 1105 | 1181 | 125 nee 
in which C is a constant, found by William Kent to be 3.33, ob in -... |... | 1107 | 1212 | 1810 | 1400 | 1485 | 1565 | .... 
plotting the results from numerous examples in practice. iM cove | sees | 1294 | 1418 | 1531 | 1687 | 1736 | 1839 | 2005 
The equation then assumes the form in sce | cess | 1496 | 1639 | 1770 | 1893 | 2008 | 2116 | 2318 
Vi v7 ves. | wees | 1712 | 1876 | 2027 | 2167 | 2298 pi pike 
Hp. = 3.33 EV H, ih vss | ssee | 1944 | 2130 | 2300 | 2459 | 2609 | 2750 | 301 
— a (WW seve | ees | 2090 | 2899 | 2592 | 2771 | 2939 | 3098 | 3393 
or Hp. = 3.33 (A — 0.6 VA) VHT 
. ) 44 seve |ovaee | oe... | 2685 | 2900 | 3100 | 3288 | 3466 | 3797 
from which ahd cove |oveee |v... | 2986 | 38226 | 3448 | 3657 | 3855 | 4223 
i seve | vues | oe. | 8687 | 8929 | 4200 | 4455 | 4696 | 5144 
= (0.3 Hp. + E)? th) oo | uses | oe... | 4852 | 4701 | 5026 | 5331 | 5618 | 6155 
The values in Table 46 are based on Kent’s equation. § oeumption of 6 Ib, of fuel per b. hp. For any other rate, multiply the tabular figure by the 
the Meelnumn expected coal consumption per hp. per hr, 


- The values in Table 47 are taken from curves plotted by 

Cotton and give the relative working capacities of chimneys from 
ft. in diameter. See Mech. Engrg., Sept. 1923, p. 5381. The 
drawn for a working capacity of 30 per cent of the maximum | 
600 deg. fahr. and are based on 90 Ib. gas per b. af for natur 
Ib. for forced draft and 45 Ib. for oil burning, i 


me 
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TABLE 48 
STACK SIZES FOR OIL FUEL 
(C. R. Weymouth) 


TABLE 47 

























RELATIVE WORKING CAPACITY OF CHIMNEYS, BOILER HORSEPOWER 
(Sea Level and 60 Deg. Fahr.) 
(Alfred 8. Cotton) 


Height in Ft. Above Boiler-room Floor 





Coal — 
80 90 100 120 140 160 
Diameter, Ft. : 
Natural Stoker Stoker a 
161 206 233 270 306 315 
208 253 a pe ye pd 
‘ 261 303 3 99 
ea ae 205 359 403 474 521 557 
2; 100 19,000 899 486 551 645 713 760 
Som eh 519 634 720 847 933 1000 
5100 28°00 657 800 913 1073 1193 | 1280 
6'500 32'500 813 993 1133 1333 1480 1593 
8'100 37,000 080 1206 1373 1620 1807 1940 
9,800 41,500 1978 1587 1933 2293 2560 2767 
Ria 16,008 1833 22 2587 3087 3453 3740 
2867 2920 3347 4000 4483 4867 
Working capacity = 28.5 per cent of maximum capacity at 600 deg. fahr, 4060 3660 4207 5040 5660 6160 
of gases = 90 lb. per hr. for natural draft; 60 1b. per hr. for forced-draft itt SE SE Ls ee ee 
45 lb. per hr. for oil, per b.hp. " sepresent nominal rated hp.; sizes as given are good for 50 per cent over- 
ontrally located stacks, short direct fl d ordi ti 
133. Stacks for Powdered, Liquid, and Gaseous Fuels. — In ¢ t meeeee centrally Jocated stacks, ahortiineds (tee AM Cremer daar 
stacks for powdered fuel, oil fuel, or gas firing, the procedure is thé 
for coal burning; that is, the height is made sufficiently great to 1 foveededraft stokers, the resistance of the fuel bed does not enter 


paloulation for height; otherwise, the procedure in design is the 
for natural-draft coal burning. The values in Table 47 give the 
Working capacity of chimneys for bulk-coal (natural-draft and 
i) and for fuel oil. 

seifivation of Chimneys. — Chimneys may be grouped into 
» necording to the material of construction: 


many 
hl 


Hiorood Concrete. 


the required draft in the furnace at maximum overload, and 
proportioned to take care of the maximum volume of gases 
Excessive draft greatly influences the economy of steam-burner 4 
furnaces, whereas, with bulk-coal firing, there is rarely danger of 1) 
draft. Consequently, greater care must be exercised in estim 
various draft losses through the boiler and breeching. With oil, | 
powdered fuel, there is no fuel bed, hence no draft loss on this 
and, because of the smaller air excess required for complete or 
the pressure loss through the boiler will be less. Furthermore, t 
of the burner itself acts to a certain degree as a forced draft, Th ‘ 
both the height and area of the stack for a given capacity of he 
be less for oil and powdered-coal firing than for bulk-coal f 
chimneys are frequently used in connection with powdered-fuel 
plants, not primarily because of the draft requirements but in 
distribute the flocculent ash at a high elevation, For exar 
chimneys at the Cahokia plant are 325 ft, above the burner 
are no feedwater economizers in this plant. Table 48, caleulated 
Weymouth (Trans. A.S.M.E., Vol, 84, 1912), may be used aa 

proportioning stacks for oil fuel, 


jority of chimneys for power plant service are of common masonry 
on, because the materials involved are widely distributed and 
mi are to be found in almost every community. For very 
, special designs of radial brick or tile are preferred to common 


iineye have many advantages and are finding much favor in 

planta, especially where economy of space warrants the 
the stack over the boiler, in which case the structural work of 
setting answers for both boiler and chimney. Among the ad-. 
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wires are furnished in one to three sets of three to six strands each, 
| radially opposite each other, and are attached to angle or tee iron 
a suitable points in the height of the stack. The lower ends of the 
ae ordinarily anchored at an angle of 45 deg. with the vertical. A 
analysis of the proper size of guy wires for a specified maximum 
wire is impracticable because of the number of unknown variables 
into the problem, such as initial tension and stretch of the wires 
Reinforced concrete chimneys have many advantages over eith ure of the shaft. A common rule is to assume the entire over- 
brick or steel constructions, provided they are erected by workmen load to be resisted by one strand in each set of guys; thus, if there 
in the art of concrete mixing and application; but, because of the yeete of guys the entire load is assumed to fall on two wires. An 
of a few large designs, some engineers are not taking to them kin¢ wl stress of one-half the overturning load is allowed for initial 
Steel chimneys may be: ‘ __A lattice bracing is frequently used between stacks when a 
1. Guyed. , of stacks are placed in a continuous row. 
2. Self-sustained. f Self-sustaining Steel Chimneys. — Steel chimneys over 72 in. in 
/ ave usually self-supporting. They may be built with or without 
liwinw, but the lining is preferred, since it prevents radiation and 
held in position by guy wires, are frequently employed on account ih inside from the corrosive action of the flue gases. Since the 
relative cheapness. They seldom exceed 72 in. in diameter and If lent lining plays no part in the strength of the chimney, it is 
height. A heavy foundation is unnecessary for the smaller sizes, wily thick enough to support its own weight. In the older designs, 
stack may be supported by the boiler breeching. The small, she ' # te of low-grade fire brick or carefully burned common brick. In 
are ordinarily riveted in the shop, ready for erection, larger sist eiwne tho fire brick extends 20 or 30 ft. above the breeching, the 
shipped in sections and riveted at the place of installation. In , of the lining being of common brick. In chimneys up to 80 
to a liberal allowance for corrosion, the material is made heavy @ | diameter, the upper course is 4 1/2 in. thick and increases 
support its own weight and to prevent buckling under initial 1 th thickness for each 30 to 40 ft. to the bottom. In larger chim- 
the guy wires and the stress due to wind action. The thickne vit Min, is the minimum thickness. The lining is generally set 
is ordinarily based on arbitrary rules of practice, and no attempt { with the shell and thoroughly grouted, otherwise depreciation 
to calculate this value by stress analysis. Table 49 gives the th Wary proat, 
material as advocated by a number of manufacturers. yly all recent designs, horizontal rings or shelves of 3 by 4 by 
silo iron are riveted to the shell at about 15 ft. centers for sup- 
tiv lining. In some designs, vertical stiffeners, which support 
vial rings, are riveted to the shell. The vertical stiffeners are 
wit § {t, apart and the horizontal rings about 20 ft. apart. By 


vantages over the masonry construction are: (1) ease and rapic 
construction; (2) less weight for a given internal diameter and 
(3) less surface exposed to the wind; (4) lower cost; (5) smaller sj 
quired; (6) slightly higher efficiency if properly calked, for there 
no infiltration of cold air as there may be through the cracks in m 
The chief disadvantage is the cost of keeping the stack well pai 


; ‘ : A 
prevent rust, and the corrosive action of the sulphur in the coal. 


135. Guyed Chimneys. — Guyed sheet-iron or steel chimneys, 


TABLE 49 
APPROXIMATE DIMENSIONS OF GUYED SHEET-STEEL CHIMN®YS 


Height, Ft. Diameter, In. Thiskpes of Shaw Apore theee methods, any section of the lining may be replaced without 
the vont, The lining, usually of vitrified asbestos, is of uni- 
40 18 16 ees Uhroughout the length of the shaft and seldom exceeds 
- = i“ 16 1 Hhioknons. 
50 24 14, 16 tulng wtacks are usually cylindrical, though a few designs are 
2 4 a y wre generally made with a flared or conical base, the diameter 
60 30 12, 14 Hpproximately 1 1/2 times the diameter of the stack. The base 
4 2 10 + 4 eonerete foundation of sufficient mass to insure stability. 
75 36 10, 12 , modern station, the stack is frequently carried on a steel 


the boilers, thereby reducing ground space requirements, 
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# ls illustrated in Fig. 175. Every self-sustaining stack should 
‘ler, and it is desirable to install a trolley rail for painting pur-_ 


‘ining protection is unnecessary for steel stacks superposed 
eiiural steel of the’ building, and ordinarily so for those resting 
foiindations. In some cases, the base ring for stacks with 


Hilations is connected to a ground plate buried in permanently 


1 wives the details of the 140-ft. steel chimney at the power 
the Goldsmith Bros. Smelting & Refining Co., Chicago, Iil., 
wil inetalled by the Lasker Iron Works, Chicago. 





























Double Riyeted A 
SB BINEES : Yronure. — Sufficient data are not available to show con- 
a elation between wind velocity and the resulting effective 
“3 wirfacos of different shapes. Practically all authentic tests 
z | Hlueted on small flat surfaces, and there is evidence for the 
4 tie wnil pressure exerted on large surfaces is somewhat less 
“e Hained from the former. Experiments conducted by different 
i * “ee show that the pressure per sq. ft. of flat surface bears the follow- 
i) (0 the wind pressure: 
P = KV?, (85) 
¥ 
4 lent determined by experiment, 
premure, lb. per sq. ft., 
velooity, miles per hr. 








” 


8 
Cone Plates 





of K, aa determined by the different investigators, varies 
1) 0.005, ‘The value most commonly used in chimney con- 
® » 0,004, This corresponds to a pressure of 50 lb. per sq. 
wee for a wind velocity of 125 miles per hr., the highest al- 
shiney design. Considering the unit pressure on a flat 
grording to the constants in general use, the effective pres- 
Hjeoted area is 0.80 for hexagonal, 0.71 for octagonal, and 
} eolumns, Experiments show that the wind pressure in- 
tie base upward toward the top of the shaft. Christie! 
Jowlnu rules as satisfactory for purposes of design: 


P = P, + 0.0373 H (86) 
P, = P, + 0.0466 H’ (87) 















157% 







wind pressure throughout the shaft, lb. per sq. ft., 
at the base of the shaft, Ib, per sq. ft., 


' Power, March 20, 1928, p. 438. 


\ $U1LD, of Pl 
Fia, 198, Dotails of a Largo Self-sustaining Steel Chimney, — 








ete ee 
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P, = actual pressure at any given height H’, lb. per sq. ft., 


Palre S i th fi 
H = height of the shaft, ft. ene >, 18 Uheresor 


W Ph 


———— (90) 
Bids ue a {dit— det 
Hee amy Slay 


European designers consider this variation in pressure and allow S=St%= 
20.5 to 31 for P,, but in the United States it is customary to use 
value corresponding to the estimated average velocity thro 
stack. This value ranges from 25 to 30 lb. per sq. ft. of proj wm (00) may be written 

for round stacks. The average pressure allowable is specified | [W (dt + 2) + 8di] & Ph 

ing ordinances in most large cities. : S= gee ae . (91) 


Wind Pressure in Chimney Design: W. Christie, Power, Mar. 20, 1923, p, 32 dy 


i 


W) » 8d, is commonly called the radius of the statical moment 
yaph 146). Designating this quantity by g, equation (91) re- 
the convenient form 


138. Thickness of Plates for Self-sustaining Steel Stacks. — 
is no wind blowing, the only stress to be considered in the § 
section is that due to the weight of the material itself, thus: 


F. S = (Wq+ Ph) + I/e (92) 

Si = W +74? — a?) 
of the liberal factor allowed for the safe working stress, and 
in which ® tube of large diameter with thin walls will probably fail by 
i ; h ial o buckling on the leeward side and not by tension of the wind- 
Si = dish (compression) due to the weight ont é material , the Influence of the weight of the material is ordinarily neglected 
ae ‘ - ve shats at “a 2h wmgitere es a shall jn Wreated as a cantilever subject to wind pressure only. Wq 

istributed over the entire cross section under cons . 
wleoted, and tion (92) becomes 
W = weight of the shaft above the section under considera Sneed and equation.(72):beecm 

the lining is independent of the steel structure, then S = Ph + I/e (98) 


of the latter only is to be considered; but if the li 
ported by ledges secured to the shaft, then the 
lining must be added to that of the steel. 

d; = external diameter of the tube, in., 

d, = internal diameter of the tube, in. 


the thickness of the wall is a small fraction of the diameter, the 
wiulus //e becomes, approximately, 


I/e = 0.785 dy 


When the wind is blowing, there is an additional stress due 
This is a tension on the windward side and a compression On 
side, thus, 


eh iene of the shell in inches. 
tiie thin value in equation (93) 
S, = Ph + I/e S = Ph + 0.785 dy (94) 


tor of stool-atack builders simplify equation (94) still further by 
fonetant 0.8, thus 


S = Ph + 0.8d:% (95) 


in which 


S, = stress in the outer fiber due to wind pressure, lb, per 

P = the total wind pressure, lb., 

h = distance from the section under consideration to 
wind pressure, in. For a cylindrical shaft, h 
shaft above section, 

I/e = wootional modulus » m (dit = dy!) + 32 di, 


tu the atross, S’, per linear in,, instead of that per sq. in., 
) hovomes 


S! = Ph+ 08d) (96) 
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Example 26. — Determine the thickness of plate at a section 
from the top of a cylindrical steel stack 12 ft. in diameter an 


high. Horizontal seams to be single-riveted. 
Solution. — The total wind pressure on the section is 


P = 150 X 12 X 25* = 45,000 lb. 


The moment arm is 
h = 150/2 X 12 = 900 in. 


S = 8000 lb. per sq. in. (A common allowance for safe stré 
lb. per sq. in. for single-riveted and 10,000 for double-riveted join 


Substituting these values in equation (95) 
8000 = 45,000 x 900 + 0.8 x 144° 
from which 
t = 0.305. 


The nearest commercial size lies between 9/32 and 5/16. 


TABLE 50 
SELF-SUSTAINING STEEL STACKS 


Lasker Iron Works 
Chicago 


Approximate 
— How Made 


do 


of +5 in. 


do 


of ze in., 50 ft. of 4 in. 
do 
do 
do 





Base diameter approximately 1} diameter of stack. 

Cone base arbitrarily set at about 20 ft. 0 in. 

All self-supporting stacks to have ladder, 

Weights do not include lining or lining-supporting angles. 
Bight anchor lugs usually supplied. 


* See paragraph 137, 


50 ft. of } in., 50 ft. of ¥, in., 50 ft. of J 
2 


- do 
50 ft. of 3 in., 50 ft. of zs in., 50 ft. of § 
qs in. 
do 
50 ft. of } in., 50 ft. of 7% in., 50 ft, af 


do 
50 ft. of } in., 50 ft. of 3% in., 60 fh, 
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Hiveting. — The diameter of rivets should always be greater than 
kiiens of the plate, but never less than 1/2 in. The pitch should 
imately 2 1/2 times the diameter of the rivet, and always less 
WW \\inow the thickness of the plate. Single-riveted joints are or- 
Wy wed on all sections except the base, where the joint should be 
ivelod with rivets staggered, although in very large stacks all 
tal seams are double-riveted to give greater stiffness to the shaft. 

Miability of Steel Stacks. — For stability, the resisting moment 
"4 lw greater than the overturning moment Ph; (see paragraph 

4 in 


Wig > Ph,,} (97) 


total weight of the structure, including that of the foundation, 
and the earth filling over the base, lb., 

yarlius of the statical moment of the foundation base, ft., 
ilistance from the center of wind pressure to the base, ft., 


Miiare base, the minimum value of q; (see end of paragraph 146) 
7, hut it is common practice to use the maximum 


q = L/6 
Mudition for stability is 
W.L/6 > Phi (98) 
wraphically: Lay off GP, Fig. 199, ‘"~----~ 
the total wind pressure in direction and 
iil aeting at the center of pressure of the 
) olf GW, equal to the weight of the 
; | foindation; find the resultant GR, and | © 
i) t6 intersect the base line as at R’; if R’ [ % Ye 
i) the inner third of the base the stack is 
vided, of course, that the chimney is 


oombined weight of the chimney and 
fon, the more stable the structure. 
100 varios from one-tenth to one-fifteenth J 
iw upon the character of the subsoil. 
ph 12.) 

fion Holts for Steel Stacks. There is no generally ac- 
for proportioning foundation bolts for steel stacks. The 


' Axia of the shaft assumed to be vertical, 


Hiuned and constructed. Therefore, the | 





rx ———L-8 
Fia. 199 
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various rules differ principally in the assumed location of the 00, — Here Ph — Wg = 2,750,000; S = 12,000; L = 2.25 x 
moments or neutral axis of the bolts, when stressed by the o Mi.5, Substituting these values in equation (99) 


moment. In the absence of proof to the contrary, and consid 
number of unknown factors entering into the problem, the new 
may be taken as passing through and tangent to the bolt cirele, 
fiber stresses in the bolts may be assumed to be proportional 
distances from the axis. Thus 


Ph — Wq = SaL, 


2,750,000 = 12,000 X a X 184.5; 
a=1.24sq.in. 


fommercial size corresponding to this area, 14 in. diam. 

fivick Chimneys. — By far the greater number of power plant 
# ave of brick construction and usually of circular section, though 
#), hexagonal, and square sections are not uncommon. The round 
fejuires the least weight for stability, and the others in the order 
, ‘They are usually constructed of common or radial brick. 
) lwicks were used in nearly all the older constructions and are 
| 1) the smaller stacks, but have been almost entirely superseded 
Pulial product in the modern station. 


in which 
Ph = wind moment at the base ring, in.-lb., 
Wq = statical moment, in.-lb., 

S = maximum fiber stress in the bolts, lb. per sq. in. (To 
initial stress due to tightening up, a low fiber stress of pinneys are constructed with single shell, Fig. 204, and double 
per sq. in. is commonly assumed.) woe. 

a = area of each bolt at the root of the thread, sq. in. ( Huble shell is the more common and consists of an outer shaft of 
assumed to be of the same diameter.) } anc an inner core, or lining, extending part way or throughout 

L = equivalent mean length of the bolt resisting moment, in, lonwth of the shaft. 

Hhule shell is the usual construction where care- tid 


ere Fe 20), Sah = Sib + 2 Seo Oa Med und selected brick, not easily affected by 







genes , are used, As the inner core or lining is in- 
! of the outer shell and has no part in the 

Si, Se, Ss = stresses in bolts, A, B-B, and mf the chimney, the rules for determining the 
respectively, lb., uf the walls are practically the same for both 

b, c, d = respective moment arms relat ) double shell. Cast-iron or tile copings are 





neutral axis XX, in. » provided on brick stacks to thoroughly pro- 


fy) Course from the weather. 

tekiiens of Walls. — The thickness of the wall 

sich aa to require minimum weight of material 

jer dogree of stability, due consideration being 

the practical requirements of construction. The 

flies nol vary uniformly, but decreases from 

} lo by a series of steps or courses as in Fig. 

Peieral, the thickness at any section should be 

the ronultant stress of wind and weight of shaft 2 

pul the masonry in tension on the windward Fra. 201. 

Hseonnive compression on the leeward side. 

Jay chimneys using common red brick for the outer shell, the 
woximate method gives results in conformity with average 








Since the stress in each bolt is assumed 

Fia. 200. rectly proportional to its distance from 

axis, S, = Sic/b and S; = Sid/b, Sul 

these values in equation (99a) and noting that S; = S,, eq 
reduces to 





Center Line of Chimney 


L = (0? + 2c? + 2d?) + b 
The value of Z becomes 


Number of bolts........ 6 8 10". 12° 16 4 
9 2.25 3.00 3.88 4.58 6.00 8,00 


Example 26, — Calculate the size of bolts necessary for 
with conditions as follows: Overturning moment 2,750,000— 


circle diameter 82 in., 6 bolts, allowable stress 12,000 Ib, per t= 4 + 0.05 d + 0.0005 H (101) 
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where 


t = thickness in in. of the upper course, neglecting orname 
and should, of course, be made equal to the nearest dill 
Ordinary red bricks measure 8 1/4 b 


of the brick in use. 
d = clear inside diameter at the top, in. 
H = height of stack, in. 


Beginning at the top with this thickness, add one-half brick, » 
for each 25 or 30 ft. from the top downwards, using a batter of 1 ify 


in 36. 

The minimum value of ¢ for stacks 
be 7 in. for radial brick and 8 1/4 in. for common brick, as a 
will not support the scaffold. Radial brick for chimneys 
several sizes, so that the thickness of the walls, when they 
creases by about 2 in. at the offsets. 


For specially molded radial brick or for circular shells reinfor@ 
Fig. 202, the length of the different courses may be much less 
The external form of the top is a matter of appearance, | 
be designed to suit the taste, but should be protected by a cast-int 
Ladders for reaching 
the chimney are generally located inside the brick stacks and OW 


above. 
cap and provided with lightning rods. 


steel structures. 


Professor Lang’s rule (Engrg. Rec., July 20, 1901, p. 53) for d 


the length of the different courses is (Fig. 201): 


h = C(20t + 60 ¢ + 0.1056 G + 2.5 d/2 + 656 tan a — 
— 0.453 p — 18.7). 


in which 


h = length of the course under consideration, 


C = constant = 1 for a circular, 0.97 for an octagonal, and 


square chimney, 
increase in thickness for each succeeding section 
weight per cu. ft. of brickwork, 
wind pressure, lb. per sq. ft. 
angle of the internal batter. 


, ft., 


i fl 


RB RAvw. 


All other notations as indicated in Fig. 201, 
For chimneys over 100 ft. in height, he recommends that 


instead of the actual height, since the critical point will be 


lower sections and not at the base. 
If a value of h is obtained which is not contained an 


built: with inside scaffoldin, 
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//, \\ may be slightly increased or decreased so as to effect this 


Wiiine the stresses at any section, the shaft is treated as a canti- 
firnily loaded, with a maximum wind pressure of 25 lb. per sq. ft. 
io) on the windward side subtracted from the compression leaves 
ys remainder, the chimney will be under compression throughout 
Ni) if the remainder is negative, the masonry will be in tension, 
Wilhetands but feebly. The sum of the compressive stresses on 
i! side due to wind pressure and weight must be less than the 

Hrength of the masonry. The practice, however, of assuming a 
Hi for allowable pressure irrespective of the height of the stack 
tions that are too low for small stacks and too high for large 
Aveording to Professor Lang, compressive stress on the leeward 
| fier aq. in., with single chimneys should not exceed 


p = 71 + 0.65 L, 


thin 
ail 
are 
(103) 


ie in lb, per sq. in. 
jie in ft. from top of chimney to the section in question. 


ile whol, 


p = 85 + 0.65 L. (104) 
# of the windward side should not exceed, 


for single shell; p = (18.5 + 0.056 Z), 
for double shell; p = (21.3 + 0.056 Z), 


(105) 
0, (106) 
#7, - Determine the maximum stress in the outer fiber of 
h at the base of section 8 of the chimney illustrated in Fig. 


Anume the weight of the brickwork 120 Ib. per cu. ft. and 
Wind pressure of 25 Ib. per sq. ft. of projected surface. The 
eiiinney to section 8 is 131.4 ft. The projected area as com- 
the fiwure is 1800 sq. ft. Hence p, the total wind pressure, is 
» 1,000 lb, The volume of brickwork above section 9 may 
mil in GL50 cu. ft., hence the weight W = 6150 x 120 = 
‘he avon of the joint at this section is 75.3 sq. ft., therefore, 
i to the weight of the superimposed brickwork is 738,000 
‘} & 0800 Ib, per sq. ft.; A = 55 ft. (found by laying out the 
wating the center of gravity); d,; = 16.2, d= 12.9. The 
the wind pressure may be found by substituting the proper 
on (80); thus; 


46,000 % 55 = 0.0088 S (16.2 — 12,9')/16,2 
S » 9907 lb, per aq. ft. 
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Fia, 202, Brick Chimney at the Power Plant of the Armour Inatitu 
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) elvons on any part of the section is the resultant of that due to 
Mt of (ho stack and that caused by the wind, the net stress on the 
dale being 


—9907 + 9800 = —107 lb. per sq. ft. 














Pvidently a tensile stress and should never exceed the value . 
Piviiula (105): 


p ~ 18.5 + 0.056 L = 18.5 + 0.056 X 131.4 
25.8 lb. per sq. in., or 3715 lb. per sq. ft. 











errr rrr ITLL LLL LLL 


porwr rrrrT IIIT TLS 





MN pressive stress on the leeward side is 9800 + 9907 = 19,707 
ft, which should not exceed that given by formula (103): 


pe 71+ 0.65 ZL = 71 + 0.65 X 181.4 
» 156.4 lb. per sq. in., or 22,521 Ib. per sq. ft. 

















ZZ 


» Mining, ete. — The core, or lining, of a brick chimney is 
farried to the top of the shaft, though it sometimes extends 
tf the distance. The inside diameter is generally uniform, the 
# tude on the outside. The core and outer shell should be 
{, (© prevent injury due to expansion of the core. The rules 
Kies of lining in steel chimneys without supporting shelves 
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ik \\ 3 1) lvivk chimneys. The batters for the inner and outer shells 
| sy Heh aa to allow at least 2 in. clearance between the two shafts 
N SESKY “ 
<< 


Hil the top should be protected by an iron ring or by a project- 
i) the outer shell. Lightning protection is always required 
Pieiata of three or more platinum-tipped copper points con- 
® wavy cable to an ample ground plate buried in permanently 
Avi outside ladder is always a desirable, but not a necessary 
Hiy type of stack. Modern central station stacks are usually 
1) hopper-bottom floors below the flue opening, for collecting 
tiv the cinders. In some installations the cinders are re- 
Hoan ejectors, but in most cases the cinders are dumped by 
fnoved by hand trucks or barrows. 

fale for Brick Chimneys. — Brick for the ‘external shaft 
hi luirned, of high specific gravity, and laid with lime mortar 
with coment, Lime mortar itself is more resistant to heat, 
slowly and may cause distortion in newly erected stacks, and 
he deed only when a long time is taken in building. Mortar 
1 wind alone is not to be recommended, since it does not re- 
fil ia attacked by carbon dioxide, particularly in the pres- 
i, A mortar consisting of 1 part by volume of cement, 2 
mand may be used for the upper brickwork; 1, 2 1/2, and8 
the lower part; and 1, 1, and 4 respectively for the cap. 
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The harder the brick the more cement is necessary, as lime does. 
so well to hard, smooth surfaces. The inner core may be consti 
second-class fire brick, since the temperature seldom exceeds 600 


y be shown that the value of g for the condition of least stability 
tion of the cross section only, or 


Lime mortar is invariably used for the core. In the modern pl q = I/Ae* (110) 

mon brick have been almost entirely superseded by radial brick 

See paragraph 147. [ a Weinent of inertia of the section about the gravity axis at right 
146. Stability of Brick Chimneys. — When there is no wind Aiulos to the direction of the wind. 


and the chimney is built symmetrically about a vertical axis, th 
due to weight is uniformly distributed over the bearing surface 
center of pressure lies in the line XX, 
But when the wind blews, th presst 
tends to tilt the shaft as a whole 
the direction of the current, and thé 
pressure at the windward side of 
creases, until, with a sufficiently h 
of wind, it may become zero or ever 
dH LdLUULULLL in which case the center of pre 
(a). towards the leeward side of the ba 
as the pressure at A becomes Zer 


| | begins to open. (assuming no 
wall a oO 


Hn of the section, 
Histance from the center of the shaft to the outer edge of the joint. 


fi & wolid circular section q = constant = D/8 
Mili! equare section (maximum) gq = L/6 
Hii] square section (minimum) g = 0.118L 
Willow circle g = constant = (D? + d’)/8D 
How square (maximum) q= (224+ P)/6L 
low square (minimum) q= 0.118 (1? + P)/L 


Wf thumb for stability is to make the diameter of the base one- 
The height of a round chimney; for any other shape to make the 
ff the inscribed circle of the base one-tenth of the height. Cal- 
Hild be made for various sections. 








tween chimney and base) and 1 
x ®) evidently in the condition of le 

The distance e’ from the center of 
the shaft to the center of press 
the eccentricity and may be expré 


e’ = Ph/W 


Analyze the chimney illustrated in Fig. 204 for stability 
fi) 8, assuming the weight of brickwork as 120 lb. per cu. ft. 


vom the drawing: 

fren of the stack, 1800 sq. ft., 
biokwork, 6150 cu. ft., 
Hielor of base, 16.2 ft., 
Hitler of base, 12.9 ft., 
Wemmure to base line, 55 ft., 

i! above base line, 131.4 ft. 
ilata 

futal wind pressure: 





in which 
e’ = eccentricity, in ft. 


other notations as in equation (89). , 

' The distance g from the center of gravity of the shaft to f= 1800 & 25 = 45,000 Ib. 
pressure for the condition of least stability (i.e., zero stron 
fiber on the windward side) is called the radius of the statical 
the radius of the kern. The kern itself is the area enclosed } 
of the center of pressure. Evidently, for stability (assuming 

is not permissible), the center of pressure must fall within the 
kern, that is 


halt 

W = 0150 X 120 = 738,000 Ib. 

ut 

© 45,000 X 55 = 2,475,000 ft-lb. 

© Uh +» W = 2,475,000 + 788,000 = 3.35 ft. 
* Rankine, “ Applied Mechanics” p. 229. 


e Sq 
or Ph 2 Wq 
e’ + q is sometimes called the factor of stability, - 
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of the kern: 
y = (D? + @) + 8D = (16.2’ + 12.9") + 8 X 16.2 = 3.3 ft. 


hility, the radius of the kern should be equal to or greater than 
tlelly. While q is slightly less than e’ for this section, the dif- 
w) small that the structure may be considered stable for all 
iypoues, particularly in view of the fact that some tension is 
ii wtacks of this particular make. 


Iheiun and Construction: T. 8S. Clark, Power Plant Engrg, Dec. 1, 1920, 
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w Tall Chimneys: Henry Adams, Ind. Engrg, March, 1912, p. 198. 
Hy Chimneys to Withstand Earthquake: C.R. Weymouth, Trans. A.S.M.E., 
i |) 787, 
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} rick Chimneys. — Masonry chimneys built of specially 
tal brick are finding increased favor with many engineers be- 
ly many advantages over the common brick 

The blocks are usually perforated as illus- GFEF Gere] 
Wu 905, and are formed to suit the circular jE fieve 

Hien of cach part of the chimney. They are Aas 
Munmon brick, thereby reducing the number (eel 
When the blocks are laid in the wall, the (Yams 

jveed into the perforations, locking them 
4 Wanner similar to a mortise-and-tenon 
, with the breaking of the joints by use of 
the of radial blocks, forms an excellent 
preatly increases the strength of the entire 


Wi 
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Fre. 205. Custodis 





Aw Min, wall of radial brick is equivalent — Radial Brick. 
Se ty) « 12-in, wall of common brick. For 
ies | ordinary boiler purposes, the 
bea lining is approximately one- 





BP 
“2. fifth the height of the stack. 
“ The largest chimney in the 
world at this date (1924) is 
of this type and is located 
at Anaconda, Mont. It is’ 
585 ft. high and 60 ft. in in- 
ternal diameter at the top. 
WY hwlt Chimney. — This type of chimney consists essentially 
SECTION O of the masonry and reinforced concrete structures. The 
sirfacon of the shaft are formed by vitrified fire-clay tile 
i}, w illustrated in Fig. 207. When placed in position, 
# permanent mold into which the reinforcing bars and con- 
troduced, Both vertical and horizontal reinforcing bars 


TOTAL HEIGHT 
ABOVE FOUNDATION 
200 FT. 


Method of Laying and Bond in 
Hadiial Ueiokwork. 


SECTION ON A«A 
Fig. 204, Custodis Radial Brick Chimney, 
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are incorporated in the structure in much the same manner re 
straight concrete type. Because of the tile lining, much higher | ; of 
tures may be safely carried than with the concrete type, and | ik Ff 
may be readily made to match that of fl ie Sa 
3 


house or ,adjoining buildings. 
149. Reinforced Concrete Chimneys. — f 
concrete chimneys have been in use for m 
The advantages claimed for this class of 
1. Light weight, the whole structure | 
Fra. 207. Tile for one-third as heavy as an equivalent com 
Wiederholt Chimney, Chimney. The space occupied is much 
with either brick or steel stack, on accol 
thinness of walls at the base and the absence of any flare or bel 
2. Total absence of joints, the entire structure, including [@ 
being a monolith. 
3. Great resisting power against tension and compression, 
4, Rapidity of construction. May be erected at an ave 
6 ft. per day. 
5. Adaptability of the material to any "Bin | | i] 
form. mln ; 
The proper selection of aggregate, | 
scientific mixing of the material, and 
efficient pouring of the concrete requires 
greater skill than is frequently employed 
in fabricating a thin-walled structure 
such as a chimney; consequently, some 
of the improperly erected chimneys have 
been rendered worthless by disintegration 
and cracking of the concrete. There are 
many reinforced concrete chimneys in 
perfect. condition after years of service, 
and this class of structure is finding con- 
tinued favor with many engineers; but 
because of the failure of a few of the 
older designs, some propaganda has been 
spread concerning their ability to withstand rapid disin 
Figure 209 gives the details of a Weber ‘ coniform” 
chimney as erected at Grafton, Mass., for the Grafton 
The entire structure, foundation, shaft, and lining, is mon 
in total height, 7 ft. internal diameter, and weighs onl} 
occupies but 108 sq. ft. of ground space at grade level, 
the shaft and lining is 249 tons, j 














= ” 
FT } Horizontal rings @ 
SQy 14 centers along ent 

i height of shaft, wound 
i}-spirally 


i 





DISTRIBUTION OF VERTICAL STEEL 


Fic. 208, Method. @f 
Wiederholt Tile © 








FOUNDATION REINFOROCEME 
Hovtanguine not $4") @ 14° otra, 
Diagonal wot 


000, Weber Coniform” Reinforeod Concrete Chimney, 





——— — 





336 STEAM POWER PLANT ENGINEERING CHIMNEYS 337 






























motions at 20-ft. intervals have been analyzed in a similar manner 
fewults inserted in Fig. 209. 
ourlier types of steel-concrete chimneys designed and built by 


The shaft is of the double-shell type with inner core extendi 
above the grade. The core is but 4 in. in thickness and the shi 
from 10 3/16 in. at the junction of the core and shaft to 4 in. a 








The core reinforcement consists of twelve vertical 1/2-in. tw 0.5 1.0 4s lee 1g 
bars and similar horizontal bars wound spirally at 14-in. cen = 
vertical reinforcement in the outer shell varies from fifty-twt = 





twisted bars at the grade to twelve 5/8-in. bars at the top. The 
reinforcement consists of 1/2-in. twisted steel rings spaced at 14 
along the entire height of shaft and wound spirally. The steel | 
from 16 to 30 ft. in length, and where they meet lengthwise 
not less than 24 in. The use of different lengths of steel preven 
from concentrating in any given section. 








> | 6s 
fan WA | 



























































One of the tallest chimneys of this type in the world is located: 

It is 567 ft. high and 26 ft. 3 in. in diameter at the top. = ial 
Lightning protection is almost invariably provided for cone 38 
The determination of the amount of steel reinforcement does 

of simple mathematical calculation because of the number of | [8 a 

h _40 | 


entering into the problem, and graphical charts plotted from 
formulas offer asimple solution. The curves in Fig. 210 are reprodi 
“ Principles of Reinforced Concrete Construction,” 2nd Hd,, 
Turneaure and Maurer, and are used extensively in this connect 
use of the chart is best illustrated by a specific example. 
































Example 29. — Determine the amount of reinforcement req ! Rave, . 
chimney illustrated in Fig. 209 at section BB. 


Solution. — From the drawing we find: 


D = 11 ft. 9.5 in. 7 = radius of the steel cirela * 
d = 10 ft. 1 1/8 in. h = 153 ft. f 


The following values may be obtained by simple arithmetié 
tions, but the actual calculation will be omitted for the sake of 
W, weight of shaft above section BB, 409,000 lb. 

A, area of shaft above section BB, 4320 sq. in. 

M, wind moment above section BB, 2,600,000 ft-lb. 

e, eccentricity = M/W = 6.36 ft. 

e/r = 1.1. : 

Assume a maximum compression in the concrete of f, = 800 
in. (In practice this assumed value varies from 350 |b, pei 
chimneys under 150 ft. in height to 500 Ib. per sq. in. for ¢ 
high.) 

m, a coefficient = f,A/W = 3.8. 

From the curves in Fig. 210, the intersection of m = 3.8 
gives p (per cent of steel requizad) as 0,53, 

But p = area steel + area section, 

Whence, area of steel = 0.0053 X 4820 = 28 aq. in, ¢ 
62 3/4-in, steel bars, 


















































Principles of ‘inforce 


a es eae = Co} ie mstruction. 
Turneaure and |Maurer 











——— sss | | | | ee 


06 1.0 L5 2.0 
Values of Eccentricity, egr 
Wiicl Miremes in Steel-concrete Chimneys (Turneaure and Maurer). 


‘wmpany, the amount of steel reinforcement was calculated 
(02), but all recent structures are proportioned on the 
Maurer chart, The resultant stress 2, as calculated from 
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wenune an inside lining is difficult to repair and deterioration may 
Pape detection. The covering material usually consists of 2 in. 
iil plastic insulation on wire mesh or rod frame, with a hard 
I A Hill, An expansion joint should be provided in the flue to form 
Miinection between the flue and stack. This is generally located 
? the stack. 


equation (92), necenaiates the use of more reinforcement than th 
from the chart. 
Evasé Stacks. See paragraph 155. 


Design, Construction and Cost of a 137-ft. Reinforced Concrete Chimney! 
Contr., Aug. 11, 1915, p. 111. 
150-Ft. Concrete Chimney to Serve Two Breechings: Power Plant Eng 

















1924, p. 240. ln also de- 
Wi move in- 
150. Breeching. — The flue or breeching leading from the boil tly of the 
chimney should be proportioned to offer a minimum resistance té tater pack- 
of gases, @xé twed = to 
haps where peal against 
—_ ot mum height fii, Hach 
is fixed by holler con- 
One Boiler Leading Two oF More Leading Of dull :.. . on Fie. 212. A Circular Center-connection Breeching 
; for Four Boilers. 
carried over iis to frie- 
ers or bach Hiterforence Pa Expansion 
setting, or *” ie they oat i 
the fire-rodl hreoching, 1 } 
Two or More Bollers with Stack Y-Breeching Undergro nl ' © thie ugh | 


















































Fig. 211. Types of Breeching Connections for ings cause When the Pa ii | 
Small Plants. pressure «dre Mi of wer-  % Tet a LE WLLL ELLE | y 
difficult to ¢ Hinon rule [Vries Loft fal lah 2 
low draft resistance, the breeching should be as short as possily an addi- \ Expansion fit J } 
sharp bends, and abrupt changes in area, and of a cross ue drop fr fi i | | 
approximately 20 per cent greater than that of the chimney prop Meh boiler aes A rae Vrs ae 
it is possible to find mathematical expressions which permit to — the Fig. 213. One Section of a Rectangular Breeching 
analysis of the pressure drops due to bends, sudden enlarg The cross for Six Boilers. 


friction and the like, the “ coefficients ”’ or experimental facte the flue 

widely in numerical value, and the probable operating cow J the same throughout its entire length, but may be tapered 
ordinarily so uncertain, that refined calculations are without p toned to the number of boilers. _Where two flues enter the 
large installations where the influencing factors may be apy jvllo aides, a diaphragm is inserted as indicated in Fig. 204. 
with reasonable accuracy, the various friction drops are caloulw “iferent arrangements of breechings and uptakes are illustrated 
tions (74) and (75), but, in the majority of small planits, these , Wil Wigan, 212 and 213 give the general details of two recently 
are based on “ rules of thumb,” such as allowing 0,10 in, of w Nhe, 

per 100 ft. of flue and 0.05 in. per right-angle turn. A breechin #s, ~ Dampers are for the purpose of controlling the rate 
cross section causes less draft loss than one of square or ree + hy varying the flow of gas to the chimney and for “ cutting 
and the flatter the rectangle the greater is the draft logs, fe entively. Hach boiler should be provided with an inde- 
should be provided at convenient points for the removal of ™ » for individual control. A main, or stack damper, near 
access to the breeching. Breechings should be covered frequently used for controlling the general or total load. 
ing material so as to reduce heat losses, and the covering way be controlled either by hand or automatically (see 
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paragraph 90). Dampers should be made the full area of the } that due to the wind moment, or, 


or uptake, and should be preferably installed on heavy horizont 


P; = 4W; + 30°(1 — 2e/b) * 
hung on ball or roller bearings at the ends, and with grindstone y ; ( /0) : (111) 
at intermediate interior points in case of very long shafts. In be 
the end bearings are so installed that they are well ventilated té Waxlmum pressure due to wind and weight, Ib. per sq. in., 


heating and are protected from cinders and dust. , 

152. Chimney Foundations. — On account of the concent 
weight on a small area, the foundation of a chimney should be 
designed. In most cities, the building laws limit the maxim 
allowed for various soils and materials, and although they vary 
ably the average range is approximately as follows: 


fital weight of the chimney and foundation, lb., 
feentric M/W = wind moment divided by the weight, 
With of the foundation. 

twys’ W. Christie, Combustion, Nov. 1913, p. 368. 


PROBLEMS. 
MATERIAL SAFE LOADS Hine the maximum theoretical static draft obtainable from a chimney 
Hard-burned brick masonry, cement mortar, 1 to2......... 20,000 | wlltude 2250 ft. (barometer 27.5 in.); temperature outside air 80 deg. 
Hard-burned brick masonry, cement mortar, 1 to4......... ture of the flue gas 500 deg. fahr. 
Hard-burned brick masonry, lime mortar...............++5 » is (he maximum theoretical capacity (Ib. of gas per hr.) of a chimney 8 ft. 
Concrete, 12224... .. cere ee cc cere econ ence eenecceeenees 20,000 fy the following conditions: Mean gas temperature 600 deg. fahr., outside 
; hy, nea level, density of gas at 32 deg. fahr. and atmospheric pressure 0.085 
KIND OF SOIL SAFE LOAD, TONS 
Quicksands and marshy soils. .............. 0c ceceeeecevees F Mathematically that the maximum theoretical capacity is independent 
Ort, WOE CIBY. 5.0.5 Go} les deh See cnd sy ses od cemee ee nnn : / 
Clay and sand 15 ft. or more in thickness. ............seseees 1» (he height of an unlined steel stack suitable for burning 20 Ib. of Illinois 
Pure clay 15 ft. or more in thickness... .............eeee0ees ia fel per aq. ft. of grate surface per hr. for a hand-fired return-tubular 
Pure, dry sand 15 ft. or more in thickness.............s0005 fy! setting, when the temperature of the outside air is 70 deg. fahr. and 
Firm, dry loam or clay... .........ccccccccccceuceeeeees ee wie in 4 50 deg. fahr. Assume a pressure loss in the boiler of 0.02 in. 
Gravel, well packed and confined.............0eceeecuuves ne fie the height and diameter of stack for a battery of Wickes vertical 
Rock, broken but well compacted... ............00 00: e ee eeeee iilere rated at 4000 hp., equipped with chain grates and burning Illinois 
CR EG, A ES a ee Up to } of its ultimate o Poller rated at 10 sq. ft. of heating surface per hp.; ratio of heating surface 
, m, 4 lo 1; flue 50 ft. long; stack to be able to carry 100 per cent over- 
Piles in made ground. .............ccecceeccucccuuceunveues here (omperature 60 deg. fahr., average barometric pressure 29 in.; tem- 
Piles driven to rock or hardpan............0cceeseeuvceeeues HY We wb Overload 650 deg. fahr.; calorific value of the coal 11,000 B.t.u. 


i jewure drop through boiler from the curves in Fig. 63. 
Chimney foundations, as a rule, are constructed of cond 1» the elve of stack for the conditions in Problem 5 by means of Kent’s 
where the low sustaining nature of the soil necessitates the wae | 
a grillage of timber or steel. For masonry chimneys, the fo 
designed to give the necessary support to the shaft without 
reference to its mass or distribution, as the shape of the fo 
virtually no effect on its stability as a column. In steel and 
concrete chimneys, the shape and weight of the foundation are 
of the desired factor of stability, since the shaft is securely at 
the foundation and the two form practically one mass, The 

should be designed to fulfill the conditions for shear and fle 
to the requirements for stability. Where the foundation is 
the angle of the sides with the vertical should not exceed # 
maximum pressure on the soil is the sum of the pressure 


fie the thickness of plates at various sections for a self supporting steel 
iwit and diameter as calculated in Problem 5. 
i (he waive of foundation for the chimney in Problem 7; firm clay foun- 


# lwick chimney suitable for the data in Problem 5. Analyze the various 
Heth and stability, 


if Heinforeed Concrete Construction, Turneaure and Maurer, 2nd Ed., 
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(vops through boilers and paragraph 263 for pressure drops 
HeoHomizers. 

‘ion! draft has many advantages, and under certain conditions 
wablo; it is very flexible and readily adjusted to effect various 
Mwnbustion, irrespective of climatic influences, and permits any 
Hewroe of overload without undue expenditure of energy. 


CHAPTER IX | «vaft. may be broadly classified under two heads: 


MECHANICAL DRAFT vacuum or induced draft, and 


Plenum or forced draft. 
153. General. — Chimneys are necessary for discharging 
of combustion at an elevation compatible with health req 
community ordinances. This height is sufficient, in case 
majority of small power plants, to produce the maximum 
ments. Small plants, however, which are supplied with f 
intense draft, such as bone coal, low-grade screenings, culm, 
seldom 

fee te sufficient 
$f overcome 


diwod-draft system, a partial vacuum is produced above the 
fable upparatus, and the effect is substantially that of natural 


Heed-draft system, pressure, above that of the atmosphere, is 
® the fuel bed, the air being forced through the fuel. 
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s 2 Back of Diaphragm In many 
8 
4 si Q industrial 
ED . in practi 
. ° | 
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“ | to be . 

« Ash P: ‘ 
[Patras forcing 
2 4 60 80 100 120 140 160 180 200 the fuel you duo 00600700800 +900 1000 1100 1200 1300 1400 
Dry Coal per Square Foot of Grate per-Hour - Pounds products Pounds of Coal per Retort per Hour 


Fic. 214. Relation Between Draft and Rate of Com- F 
tion th 


tasetinin. - Kicmmelidaded: Lecseemnaiaras Ayproxlmate Forced-draft Pressure Required at Different Rates 


and of Combustion. 
beyond that obtainable with any reasonable height of 
more, if a chimney is deficient in draft because of ad 
boiler equipment or increase in load, there is no method 
the natural draft except by adding to the height of. # 

or mechanical draft, has solved the problem for the 
and offers a simple and effective means of furnishing the 
requirements or of boosting stack capacity. Ina general 
total resistance necessitates draft pressures exceeding 1, 
other conditions permitting, it is more economical to use 
Some idea of the pressure required to effect high rates 
locomotive and stoker-fired stationary plants may be 
inspection of the curves in Figs. 214 and 215, See also 

, 342 


Nine draft may be effected by a combination of forced 
jee! ov chimney draft. The pressure created by forced 
wiflivlent to overcome the resistance of the fuel bed while 
wy \nluced draft is depended upon for creating a suction 
furnace and setting. The adjustment is such that practi- 
* ov a alight suction pressure exists in the combustion 


tome the artificial draft is usually produced by either 

(%) centrifugal fans or exhausters. 

Hiowers and Exhausters, — Steam jets are frequently 
thvough the fuel bed and occasionally for creating all 


eda 
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wr, size and design of nozzles; design of the grate, and the 


or a part of the draft pressure in stationary plants, though this | 
the fuel and the rate of combustion. The values in Table 51 


not as common in America as in certain parts of Europe. 


































































placed in the breeching or stack create a suction throughout il we a guide for approximating the weight of saturated steam 
setting, and their action is similar to that of a chimney. Hieueh nozzles of different sizes. For superheated steam see 
beneath the fuel bed, they create a pressure greater than atn 17%), In certain types of stoker-fired furnaces, steam consump- 
and force the air required for combustion th Wi 1.2 per cent of the , 
fuel. Induced draft produced by steam jets wied by the boiler have a 
pensive in first cost and in cost of operation, In the latter case the & ane 
. the steam used is a waste product, as for ex Hyeroume part of the re- % 
locomotive practice, but the cost of operation the fuel bed. The action air 
3 prohibitive if live steam must be used. In. ii) with some classes of ~~ 
i develop sufficient chimney action for operating feliee the formation of 
sé boiler, from 3 to 20 per cent of the live steam 1 lower the draft resist- fyg, 218. McClaves Argand Blower. 
is required by the jet, depending upon the # fuel bed, but a suitable 
steam generated, nature of the fuel, charaeté Heelion with exhaust steam is ordinarily more economical 
Fie. 216. Ring equipment, and rate of combustion. Figure § Piilition than a live-steam jet blower. High-pressure live- 
Ribany Tet: a simple form of jet device for increasing the ¢ ane decidedly uneconomical from the standpoint of steam 
stack, but one which is very extravagant in { ) for draft pressures exceeding 3 in. of water, and should 
steam. Higher capacities and lower steam consumptions Gil Heileved in the design of a new plant, except for purposes other 
with a single expanding nozzle surrounded by a series of ¢ HW producing “ draft.” The volume of air delivered by a properly 
diffusing cones, as illustrated in Fig. 217. 
Attention should be called to the fact that it is the » ‘RE Te PRA eee eR 
velocity and not the weight of steam which creates the } ae - Pe Taba 
draft, and for this reason the nozzles should be of the “SS haba eres bs = 1 
expanding type designed for maximum velocity. The @ . | 
suction created by a steam jet for induced-draft service 
should not exceed 3/4 in. of water; otherwise the steam » Tnitiy » |_| 
consumption per cu. ft. of flue gas discharged may be- el) | Pt<esure 2157 Gagh 
come excessive. It is a safe rule to avoid the use of © | = 7 rm 
live steam jets for creating induced draft, except possibly , v5 oP: | SRP ; 
in small plants where the stack action is defective and Be ee a ee wee Re 
forced draft is inadvisable. Pi U10, Performance of Koerting Steam-jet Blowers. 
Steam jets for forced draft are seldom designed to i! 
produce the entire draft requirements of a boiler, but are , With steam at initial pressures varying from 45 to 115 lb, 
primarily intended to overcome the resistance of the grate from about 250 cu. ft. per Ib. of steam for a static pressure of 
and fuel bed only. In this connection most of them i) approximately 180 cu. ft. per lb. for a static pressure of 
consist essentially of some form of hollow grate bar through Vi 410.) Water jets serve the same purpose as the steam-jet 
steam jets foree a current of steam and air, Figure 218 sho fi, but they are seldom found in American practice. 


jet blower which involved to some extent the principle of the 
hand-fired furnaces, the live steam required for jet operation 

to 16 per cent of the total generated by the boiler, dependi 
amount of steam generated by the boiler; the draft pressure: 


vet Murnace: Gas Journal, Sept, 19, 1928, p. 870; Mech. Engrg., 
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TABLE 51 #f « hand-fired boiler, illustrating current forced-draft practice 
APPROXIMATE WEIGHT OF SATURATED STEAM DISCHARGED THROUGH NO tie of equipment. The blower, consisting essentially of a small 
Lb. per Min. seam turbine, direct connected to a specially designed propeller 


(Based on Napier’s Rule) lw placed in the rear or front wall instead of the side wall as 


s) ‘The blower discharges below the grate and may be auto- 
Muitvolled by damper regulation. The turbine exhaust may be 
1 iio (he ashpit or it may be used in the feedwater heater or other 


Tyameter Steam Pressure, Lb. per Sq. In. Gage 
at Small- | Area 

est Sec- | Sq. In. 
tion, In. 


















7s 2 | Reena (ob Reams (a SSSR eviews, While the ordinary propeller type of undergrate blower 
Ft 0.0123 1.20 ‘ Milively low-efficiency machine, small blowers of the Coppus 
T . . 
&;: [ee ea type have been developed to a high state of efficiency comparable 
ry 0.0491 4.81 smu : y 
ts 0.0767 7.54 of the largest multi-vane units. 
ue “yin WH) shows the application of a forced-draft fan to a boiler unit 
Ae 0.1503 14.78 ‘ . pp ; ; u 
} 0.1963 19.30 with wnderfeed stokers, illustrating current practice. 
rs 0.2485 2442 
F 0.3068 30.16 
a 0.3712 36.45 
Fy 0.4418 43.43 
8B 0.5185 50.90 [55.40 [57.64 62.00 | 70. ort fh) | Cf KH ~~~ -------' 
: 0.6013 59.10 
it 0.6903 67.80 
1 0.7854 17.22 44,000 on, ft. 


fan 


155. Fan Draft. — In the great majority of steam plants ope 
mechanical draft, forced or induced, the draft pressure is crea’ 
sort of centrifugal blower or exhauster. A few years ago it ¥ 

practice to install a single 
Steam to Turbine 


exhauster for an entire hi i , Ret 
// boilers, duplicate fans being Wi. Typical Forced-draft Installation. Underfeed Stokers. 
a 
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t 8 only where continuity of | 
1 _- crate Was of prime consideration Wetatlations, forced draft is employed merely to overcome the 
n Yy, pay this practice is by no mean the fuel bed and not to overcome the additional resistances 
11 | Ld most of the modern boiler sure, _In order to force the gases through the various boiler 
rll equipped with independent | «9 to feed air through the fuel bed, a pressure greater than 
18 ya and exhausters. ‘This is t ) would have to be maintained throughout the entire setting. 
Blower] / ~| for the huge stoker-fired wi toil to foree the gases outward through any leaks in the set- 
ee, large central station and if light setting, to force them through the fire door when 
Pon ter YY ; ashes plant, but -also ‘for the wel or replenished. In the modern plant a neutral or 
hae Y EI boilers in the small isola eight suction is maintained in the furnace, and the rest of the 
Fra. 220. ‘Typical Forced-draft Equip- A common duct or plenum lacing bo the stack are under suction. Air pressures neces- 
sie Hand-Ared Boiler. is frequently used in con i the resistance of the fuel bed and stoker vary from a 
the individual fan system _ depending primarily upon the nature of the fuel, design 


is intended primarily as a “ cross over ’’ for emergency use 
distributing main, 
Figure 220 shows an installation of a turbo-undergrate b 


of driving. 
tyaveling-wrate stokers are generally furnished with air | 
eyelom with ducts leading to the various pressure com- 
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partments, though a central fan system with a main duct lead 
individual boilers is not uncommon, particularly in the small 
The Illinois forced-draft traveling-grate stoker is frequently equi] 
a number ‘of small Coppus Turbo-vane blowers, one blower 
compartment. 

Figure 222 shows the application of a forced-draft fan to th 
heater equipment at the Colfax Station of the Duquesne Light 
burgh, Pa. The conn 
ca tween the common f¢ 
ae duct and windbox nort 
plying the boilers h 
tained, but it is cut off 
of a shut-off damper } 
preheater system is in 
The air is taken into 
heater from the boiler 
rectly over the boil 
dicated, carried down 
by the fan, and diseh 
the stoker wind box | 
of two ducts extending 
side of the boiler. 

In marine practice, 
is commonly furnished 
the closed stokehe 
Howden system. In 
the boiler room is enti 
and provided with 
Fic. 222. Forced-draft Stoker Installation the passage of the 

with Air-preheater. — Colfax Station. crew. The fans 4 ) 
rectly into the boiler 

maintain a static pressure of from 3/4 to 3 in. of water. Int 
system, the air in the stokehold is at the same pressure as the 
but the ashpits are sealed. Most of the air, preheated by the 
is delivered to the ashpits under pressure of 1 to 3 in. of water, 
amount is admitted above the fires. : 

In the induced-draft system, the suction side of the fan 
with the uptake or breeching of the boiler or batteries of bol 
products of combustion pass through the body of the fan, irpreheaters, but where the pressure drop from furnace 
the induced system is identical with that of a stack of equivale high at peak loads, For example, in the Hell Gate 

Induced draft is generally necessary in connection with ed the United Electric Light and Power Company, induced 
flue-gas air-preheaters, because the high frictional resistance: sweetion with a stack 258 ft, high, and there are no 


the low temperature of the waste gases effected by the heat 
feqjuire an excessive height of stack. Induced-draft fans 
\lod in connection with forced-draft blowers where there are 
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YH) lnilueod Draft for Waste-heat Boiler Equipment. 
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economizers. Each group of six boilers has a single stack and if the induced draft draws the cold air through the preheater and 
Fig. 223. Cinder-catching compartments are installed in eae fiieta of combustion, in series, through the combustion chamber, 









































In each of these, the gases rising from the uptake are sharply defl 

baffle, so that the cinders are thrown into a tank of water. Th 

draft motors are started by hand but are thereafter automatically | 

by balanced-draft control. Provision is made to by-pass the f™ 

around the induced-draft fans inasmuch as these fans are nee¢ 

peak loads. 
Figure 224 shows the application of an induced-draft fan to & 

boiler setting for utilizing waste hi aa 

cement kilns. 
Induced-draft fans operate 

higher gas velocities than fo 

fans, at times reaching 60 ft. p 

these high velocities, cinders 

suspended earthy matter produce 

erosive action. Specially desi 

for ejecting the cinders are fot 

latest power house designs. & 

Bearings are also water-cooled , 

" 
' 






Ciaders 
eliminated 
\ NI Cinders dischargod 
V7 into these 


asa Chambers 
erin} 


the lubrication from being } 
by the heat conducted from 
the journals. 
It is not generally appreciated 
power is required to create thet 
the hot than from the cold en 
the weight of gas and the prem 
is the same. An inspection ¢ 


~ 


PV buco 


Pivnnd 





Hijhies, and uptake before discharging them to waste. 
Miielly in marine practice. 
Pratt system, induced draft is effected in connection with an 
) Venturi stack (1) by introducing a blast of atmospheric air from 
ti0 blower just below the throat of the stack, or (2) by passing 
Mount of the chimney gas through an induced-draft fan and 
The evasé stack is of 


discharging it into the throat. 
light sheet-iron construction, com- 
paratively short, and shaped as 
shown in Figs. 226 and 227. The 
suction draft is created by the 
ejector action of the jet in being 
discharged through the narrow sec- 
tion of throat of the stack. This 
system is finding favor with Euro- 
pean engineers, but has not yet 
been introduced to any extent in 
the United States. The arrange- 
ment shown in Fig. 227 necessitates 
(he use of higher air pressures and 
requires more power for a given 
suction pressure and capacity than 
does that shown in Fig. 226. In 
(he cold-air system, the static 
prossure of the blower is approxi- 
imately eight times the draft-pres- 





This system 


Blower 


Breeching 


eS 4 e d j ri ° 
S59 Cnors aanrged (117) will show that the hor a wure requirements in the breech- yg. 297, Evasé 
a iY to Hopper a direct function of the voluf BT jr ing. A notable installation of the Stack. Inner 
‘y discharged, and, since the vol Pratt system is at the Fulton Circuit. 
Fic. 225. Sturtevant Combined flue gas is approximately Mt, Heating Plant, Grand Rapids, 
Induced-draft Fan and Cinder the entering air in the @ § demoription of this plant, together with guaranteed per- 
pia. the power required by th the otacks and fans, consult Power, July 8, 1924, p. 46. 









draft fan will be about twice that absorbed by the foreed-draft 
temperature increase of the flue gas by the fan compression Wil 
twice that of the cold air for the same pressure range, thus Mee 
the apparent anomaly between horsepower as calculated On 
and on the volume basis, 

The Ellis and Eaves system is an application of induced 
the air for combustion is preheated by the waste gases 
through the furnace, The boiler and setting is entirely ele 


——. oe 


Table 52 are 


of interest in showing the performance of 
two ované stacks, 68 ft. high by 9 ft. 10-in. diameter 
# the power plant of the City of Edmonton when operating 
‘Those stacks are 5 ft. 8 in. in diameter at the throat 
draft for eight 4780 sq. ft. B. & W. boilers equipped 
of 100 aq, ft. grate area each, 


A. W. I, Griepe; Combustion, Apr, 1922, pp, 166-175. 
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tele central stations are operating with practically balanced- 
‘itions, In these plants the stoker speed, fan speed, and stack 
i af wulomatically controlled so as to effect the desired result. 


TABLE 52 
PRATT INDUCED-DRAFT PLANT 


ren Flue-gas Temp. Suction Pressure Statie Pressure Hp. Hiher of ultra-modern central stations, the chimneys are 250 ft. 

p.m, . . n. ° . . 

- das Renn » over, and are served with both forced- and induced-draft fans. 
456 450 6” vlcvaft fan gives a maximum suction in the uptake of 2 in. or 
490 450 0.76 Waler pressure, and the forced-draft equipment is capable of 
545 450 0.84 i  wlatic pressure of 10 in. of water under the grates. After 
600 450 0.98 s “ : ; % 
696 450 1.09 lave passed from the boiler, this may be discharged directly into 





wr, by closing proper dampers in the breeching, can be made to 
jw (ho economizer and then to the stack; by closing a second 
the wanes are made to pass through the induced-draft fans. before 
the stack. This makes it possible to operate the boilers under 
Homical conditions at all times. 


(Merinl): Steam Power, May to Nov., 1923. 


Tall chimneys are a necessity in most cities, since legislation: 
the gases to be discharged at a height above that of adjacent | 
In such situations, with stokers of the forced-draft type, tall 
induced draft would at first thought appear to be a necessary @ 


perience, however, shows that suction draft is an important ” Jyaft: Power Plant Engrg., Oct. 1, 1922, p. 939. 
effecting effiei 
bustion and inp of Pans, — The large majority of centrifugal fans for mechan- 


tay be divided in two general classes: those having rotors with 
jt or slightly curved blades of considerable length radially, 
unmonly designated as steel-plate or paddle-wheel fans, and 
rotors with a number of short curved blades, Figs. 230-282, 


the life of the 
brickwork. By 
adjusting the 
created by 
draft apparat 
suction of the 
or its equiv 



















tral or balan HS 
can be pro —— 
the combustion 







Atmospheric Pressure that is, the . 
the combu 
Fira. 228. Pressure Drop through Boilers. — Com- ber becomes 

bined Forced-draft and Chimney. atmospheric, 


tive pressure r . f 
. n v , Aas Ww ‘ ilond Mleek Ira, 230. “Sirocco” Wheel Fic. 231. Single Co- 
shown graphically in Fig. 228. This condition of positive pro Whoal, Turbine Type Impeller. noidal Wes: Waele 


the fire bed, zero or preferably a slight suction pressure in 
bustion chamber, and a suction pressure throughout the 
setting (1) prevents discharge of the furnace gases into h 
through leaky fire doors, inspection doors, and cracked 
minimizes stratification and short-circuiting of the air supply 
bustible gases; (3) reduces the “ soaking up’ action of 
furnace brickwork; (4) assists reduction of air excess; 
*  n increase in overall boiler, furnace, and grate effie 


SOs Ser a a 





sv ae multi-vane fans.. The former are primarily intended 
i vives and the latter for direct’ connection to high-speed 
im turbines, The blast wheel of the steel-plate fan has 5 
Hades, depending upon the size of the fan. The blades are 
‘lute riveted to cast-steel or structural-steel spider arms. 
ivolute in form and made of heavy steel plates, the scroll 
‘proportions that the velocity is gradually reduced without 
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loss or shock. The inlet cone is designed to give a gradual i 
velocity with a minimum loss. The blast wheel of the multi 
has 20 to 60 short pressed-steel blades riveted to the back 
plates as shown in Fig. 230. For high velocities, in order to with 
centrifugal stresses, the blades are frequently split up and reinfé 
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Fig. 232. High-speed, Multi- 
vane Fan Wheel. 


and a corresponding static pressure of 7 in. of water when delive! 


cu. ft. of free air per min. 
direction of the blade at 
the periphery, as: (1) the 
forward curve, (2) the 
radial tip, (8) the partial 
backward curve, and (4) 
the full backward curve. 
Each shape influences 
the relation between pres- 
sure, efficiency, power re- 
quirements, speed, and 
capacity, and controls the 
selection for a given set 
of operating conditions. 
The housings for the 
rotor may be arranged 
for top or bottom hori- 


zontal discharge, up or down blast, or any other position der Hie 
the arrangement of the draft system. ; 

Figure 233 shows a section through a Coppus turbine-driven 
blower which differs considerably from the types previously 
both in principle and in operation. The blower is a screwel) 
8o designed that the air leaves the blades in the same directio 
The air leaving the propeller is forced through guide-vane 
have a curvature increasing in the direction of rotation of 


————— eee A 
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#h, in conjunction with a diffusing cone, convert a considerable 
ie velocity pressure to static. The particular blower illustrated 
» ly a small self-contained steam turbine, but direct-connected 
Wy be used in place of the turbines. Vano blowers operate 
jewures up to 8 in. of water, and the manufacturers claim effi- 
Wp to 80 per cent with practically no variation in power consump- 


annular stiffening rings, as illustrated 
fnelant speed for variations in air delivery or pressure. See 


232. The multi-vane fan has practic 
planted the steel-plate type in the large 
power house, because of its compact 
a given capacity. The tendency to 
rotative speed in mechanical-draft 
is evidenced by the helicoidal impell 


' 
wontary Theory of Fans. — The advent of the underfeed stoker, 


+ large volumes at higher pressures than had been previously re- 
vv fans, necessitated stronger and heavier construction for slow- 
jne drives and basically new designs for high-speed motor and 


runner manufactured by the Rate tives, The fundamental theory of air flow is the same for all 
Smoot Company. In one design the penirifugal blowers, but the actual performance is dependent upon 
are 18 in. in diameter and operate | variables involving constructive details that general rules for 


without purpose. The development of a particular type of fan 
# tater of experiment, and the design of blade shapes, blade 
‘wil the like is based primarily upon the results of these tests. 


r.p.m., giving a tip speed of 23,500 ft, J 


Fans may also be classified with respai 


of the vast amount of data involved, no attempt will be made to 
¥ tie problem of design, and only such elementary theory will be 
f ys Lal w» ie necessary for a clear understanding of the principles of 
_ -~ 3 
A we > n 
The main object of a forced-draft fan in a bulk-fuel-fired 


apin e,e . 
pt V5 foree air through the fuel bed in quantities sufficient for com- 
+) Wadler pressures high enough to overcome the various frictional 


I foreed-draft powdered-fuel-burning plants, the fuel is 

sepension in the combustion air, but, because of the frictional 

ji the burner equipment and the high velocity of the jet, high 

jy fremmures are frequently necessary. Similarly, the induced- 

Fan Hiiet be capable of maintaining a slight suction over the fire 
Hyivlitions of load. Air or gas in motion in a conveying system 

diwtinet pressures, namely, velocity, static, and dynamic. 

ae a ae oat Nee ot seure, os the name implies, is the head required to impart 
a tie uid; static pressure is the head required to overcome the 
ofleved to the flow; and dynamic pressure is the sum of the 

Yelowliy heads, Since the resistance to flow is large in average 

lralt practice, it is evident that the greater the static pressure 

thw fan outlet in proportion to the velocity pressure, the 


will be the performance of the fan. 

y ov euction pipe of a fan is sealed against flow, there ¢an be 
me, namely, static, Referring to Fig. 234 “ A ” represents 
julpped Pitot tube inserted in the suction or discharge 
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conduit of a centrifugal fan so as to face the current, and “ B” 4 Version is ordinarily effected in the scroll formation of the 
nometer attached to an opening in the wall of the casing. Fo | ; 
determinations manometer “ B ” is attached to a piezometer ring, Weel pressure required of a forced-draft fan is usually about 2 in. 













































receives the full impulse of the stream and the manometer indi \ 


total or dynamic pressure, while ““B” registers the static pres 
With the pipe sealed against discharge, resistance to flow is a m 
there is no flow and the liquid depression in both manometers is t 





to the same thi 
Orifice Wide Open is only static p! 
the conduit. If 
duit is opened to 
mum and there are no frictional resistances, the static pressuré 
by manometer “ B,”’ Fig. 235, becomes zero while that in “ A 
at a height equivalent to the full impulse of the stream, that 
is only velocity pressure in the conduit. The liquid depp 
manometer “ A’’ is a measure of the velocity of the air at th 
where the mouth of the Pitot tube is located. Since the 
greater at the center than near the walls of the conduit, it is 
to take a large number of readings at various points in 
obtain the average velocity. The velocity of air at a given dens 
will give a manometer depression of one 
inch of water is known as the velocity Hi 
constant of air at that density. 1 (| 
If the flow is restricted as by throttling, 
there is a depression in both manometers, () 
Fig. 236, that is, there is both velocity Fig. 230 
and static pressure in the conduit. The 
difference between the depressions in “ A” and “ B” is the } 
velocity. By connecting the two manometers as outlined in I 
the velocity pressure is given directly. 
Pressure resulting from a current of air or gas flowing at a 
responding to that of the tip of the blades is designated by fan 
peripheral-velocity pressure. 
In any centrifugal fan, the pressure is the resultant of 
force due to the rotation of the air within the wheel and 
energy contained in the air by virtue of its velocity upon 
tips of the vanes or blades. In mechanical-draft practice, 
energy of the air leaving the periphery must be converted 
potential energy in the form of static pressure before being 


(A) static (B) 
Opening 
Orifice Closed 


Fig. 234 Fig. 235 


he 
ou 





“ 


Minn, 


wht 





im, which occurs in hand-fired practice, and the highest draft 


a! 400 to 400 per cent of boiler rating is approximately 7 in. 
1", where underfeed stokers are used. Static pressures for 
Walt {uns range from 1.5 in. to 7 in. depending upon the resistances 


therefore, the fine and the temperature of the flue gases. 
dynamic  presst #iven fon-piping system and air density, the pressure developed 
equal, or, what the square of the speed, but because of the numerous factors 


1 wih os blade shapes, blade angles, housing designs, capacity, 


', exact values cannot be expressed by simple mathematical 

| recourse must be had to characteristic curves plotted from 
(See paragraph 158.) 

wl Pressure. — In all centrifugal fans, the velocity of the air 

Hludes bears a definite relation to the peripheral velocity 


wheel, ‘This relationship is greatly influenced by the design of 


i will be seen from an inspection of Fig. 237. The line wu 


all —l 


™~ 


~ 





| \ Radial Backward 


Fig. 237 


the peripheral velocity in direction and amount; r the velocity 
Hyifiigal force of the air, and v the resultant velocity with respect 


meine, It will be seen that with the radial and bent-forward 


fymilinnt is greater than the peripheral velocity, while with the 
! thwokward the resultant velocity is less. By changing the diree- 
fyalure w wide range in resultant velocities is possible. The 


fw alr leaving the tips of the blades is greatly in excess of that 
wjulved in mechanical-draft systems. By enclosing the wheel 


iwving & properly designed scroll, part of the velocity pressure 


lo alatio. The velocity at the outlet of the average fan at 


‘ity i approximately one-half the peripheral velocity. For 
Th work, where the air or gas is but slightly compressed, the 


between pressure and velocity is substantially 


V = V2gh (112) 
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in which 
V = velocity of flow, ft. per sec., 


g = acceleration of gravity, 32.2 (approx.), 
h = head of gas causing flow, ft. 


Mellicient determined by experiment; other notations as in equa- 
1M) wnd (115). 
power, — The horsepower required to operate a fan varies directly 


By converting “h” in feet of gas to the equivalent pressure in BApacity and the total or dynamic pressure, thus: 


water, and considering time in minutes instead of seconds, eq _ 5a ree Q xX Pa 
may be expressed Hp. = 33,000 x HE POWs! E i? 
v=CvVp+d 
in which tital efficiency of the blower, 
Hyiamic pressure, in. of water. 


v = velocity, ft. per min., 
C = constant = 1096, 
p = pressure drop producing velocity, in. of water at 62 deg, 
d = density of the gas, lb. per cu. ft. 


ovations (116) and (117) and reducing, remembering that for 
frilice conditions and at known air density the velocity pressure 
Welinile relation to the peripheral velocity, we have 


For standard conditions, dry air at 70 deg. fahr., barometer Hp. = Bp! (118) 
relative humidity 70 per cent, d = 0.07465* hence 
v= KVp= 4011 Vp Meliciont involving all constants and reduction factors. 


(114) shows that the horsepower varies as the cube of the square 
premaure, 

the eapacity is directly proportionate to the peripheral velocity 
|, and the pressure developed varies directly as the square of 
, 1! follows that the horsepower varies as the cube of the speed, 


Where quietness of operation is necessary, the velocity in the 
be limited to 2000 ft. per min., but where this is not essential, 
high as 5000 ft. per min. may be used. This refers only to cold 
For hot gases, as in connection with induced-draft fans, the 
be practically doubled. The friction losses increase rapid 
velocity, so that the usual compromise must be made bet 
velocity; otherwise, the pressure drops become excessive. 


: : < Hp. = MN3 119 
Capacity. — For a given fan size, piping system, and air » : ™ 
capacity, Q, varies directly as the velocity and hence as the 
fan, thus, fivient involving all constant and reduction factors, 
Q=vA of the fan, r.p.m. 
in which hel inerease in power for even a moderate increase in speed 
WH in mindin selecting afan. Itis, as a rule, more economical 


Q = volume, cu. ft. per min., 
v = velocity, ft. per min., 
A = area of the conduit, sq. ft. 


olin too large a fan than one which must be forced above its 

_ ‘The capacity varies directly with the speed; therefore, the 

dleo varios with the cube of the capacity. 

{1 15) to (119) are based on the assumption that the resistance 
I) underfeed-stoker practice the resistance is not constant, 
the fans do not follow these laws. The dotted curves in 

the relation between volume and pressure in accordance 
itereniatance law, while the full-line curves show the actual 


Since the velocity varies as the square root of the pressure d 


Q= KA Vp, 


* A.S.FL.V.E, and N.F.A, Code. A.8.M.1, Code recommends 68 
ture and denalty of 0.075, : 


ea | es 
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relationship for a specific case. Figure 239 shows the relati 
draft pressure and rate of driving for an underfeed-stoker eq 


: ; : ’ : / shar . ft. per min. 
which there is a decided falling off in pressure requirements ab. i discharge, cu p ’ 


for of the impeller, ft., 
of the impeller, ft., 








ERR Fan Connected to Constant 
Resistance 
600} Fran Connected to Stoker 
K and kK, are Constants 


oficloncy (Standard Code of Fan Testing, AS.E.LV. and 
ty) the ratio of the total work done by the fan in moving the air 


PME of the fan, or 
= Qh + H; X 33,000 


a 
s 


(122) 





ry 
s 


ul 
Eimec. 


i] 
s 


| discharged, Ib. per min., 
Haile head, ft. of air, 
Hapit, 
wiles ave sometimes given, (1) that based on the dynamic 


i The 
vation (122) and (2) that based on the static head. 
~ : d. According to the Standard Code of Fan 














Per Cent of Volume at One Inch Statice 
3 8 
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0 
800 400 500 600 700 800 900 1000 1199 
R.p.m, of a Typical Fan } 


Fig. 238. Relation of Volume and Pressure of Air to Fan Spee 


generally use i I 
ratings. This is ‘due to the extreme agitation of the fuel bei ywmonded by the joint committee of the American price) 
loads. Table 41 shows the influence of the solid constit wu! Ventilating Engineers and the National Association o 


resistance through fuel bed and grate with underfeed stokers, wera, the friction head of ducts shall be determined from the 


Manometric Efficiency. — This efficiency is the ratio of 


. 





head as actually observed t for round ducts, f = 0.0257Lh/D (123) 
mum theoretical Hare or rectangular ducts, f = 0.01285Lh (a+b) + ab (124) 
= Ema = h/H = @ 
3 . . ) iction, in. of water 
3 in which ive drop due to friction, in. of w r 
4 Ree 7 Ee wee from fan outlet to point in duct where measurements are 
£ h = actual dynamie | io, f' 
g elke eae, fluid, ; 3 tov of the duct, ft., 
/ 950 Hp. Heine Boiler g = acceleration of # 
a = tip speed, ft ee es 
Ta usm Up speed, Ts Pam Wi aide of tho duct, ft., 
Alfred Cotton ty jremmure, in. of water, 





"eee Volumetric Efficieney, 
Per Cent of Rated Boiler Load really not an efficioney 

Fia, 239. Curve Showing Pressure better b . 
Drop through Fuel Bed. Underfeed ry aise a am 


Stoker. 
ia air passing in a given 
by the impeller displacement for the same period, or 


Eve, @ 4Q/nD? NB 


1 


for elbows is difficult to determine with any degree of accuracy, 
Approximations the pressure drop for one right-angle bend 
we that due to a duct 10 diameters in length. 


the eating of Centrifugal and Dise Fans: Jour. Am. Soc. H. & V. 


' avi, 
4 + Jour, Am, Boo. Hl. & V. Engre., July 22, 1922, p. 491. 
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Pitot Tube for Gas Measurement: W. C. Rowse, Trans. A.S.M.E., Vol. 
The Impact Tube: S. A. Moss. Trans. A.S.M.E., Vol. 39, 1916, p. 
Some Development in Centrifugal Fan Design: National Engr., Jan., 


158. Performance of Fans. — There are so many different 
on the market, and the variable factors involved in their ope 
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Fia. 240, Performance of Stoker Fan. (Constant Speed.) 


numerous, that attempts to analyze performance mat 
without purpose. For this reason, fan manufacturers f 
tables and characteristic curves, based on actual tests, W 
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performance of their product over a wide range of o 
aid of these tables and curves, the proper size and type 
set of operating conditions may be selected with intelli 


acct dh cise 
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of capacity tables are to be had from manufacturers, viz., 
ity, ‘lable 53, and variable capacity, Table 54. The former 
Mipacity, speed, and hp. of the different fans for various static 
jeeures when operating at what is approximately the highest 
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The variable capacity tables give the performance of each 
Wh either side of the condition for maximum efficiency. 
eile curves are graphical charts visualizing the relationship 
ily, speed, pressures, horsepower, and efficiency. They 
#4 variety of forms, a few of which will be briefly discussed. 
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Yuive the actual test results of a specific type and size of 
lable conditions of speed, static pressure, and capacity. 
« readily interpreted because the various quantities may 
from the chart, They are limited, however, to the per- 
jwrtioular size of fan tested. The characteristics for all 
‘lowign of fan are practically the same; therefore, if the 
pxpromed in terms of “ percentages” of the performance 
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at rated capacity, one set of curves will suffice for all sizes. 
of representing the curves is recommended by the Joint Commi 
American Society of Heating and Ventilating Engineers and the 


t 


,of an Makers. ‘Figures 248 and 244 are illustrative of this 
erring to Fig. 243, if the fan is operated at, say, 70 per cent of 
ity, the horsepower, dynamic pressure, static pressure, and 


TABLE 53 Will be 60, 103, 107, and 98 per cent, respectively, of that at rated 


TYPICAL “‘ RATED CAPACITY ”? TABLE 
CAPACITIES ‘OF FORCED-DRAFT FANS 


Green ‘“ Radial Flow ” 
(Multi-vane Type) 


lating the performance of fans of the same design and similar 
ut of other sizes and at other speeds, the following law 
f to and within 1 1/2 lb. per sq. in. pressure difference, and at 
fipheral speed and discharge conditions, the delivery varies 
of the diameter of the wheel, or, for different speeds, the 
*# ue the cube of the diameter times the number of r.p.m. 

iw the readings of a given fan for constant discharge condi- 
‘Tollowing law applies: Capacity varies directly as the speed; 
ihe equare of the speed; and horsepower as the speed cubed. 


Diam Static Pressure at Fan Discharge, In. of Water 
Wheel Perform- 
ays ance 

















203 | Cu. Ft. 2,800 4,000 5,200 6,000 
R.p.m. 860 1,216 1,738 
Br. hp. 0.62 17 3.49 


ao 
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m 
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36 
Cu. Ft. | 4,000 | 5,500 | 7,000 | 8,000 
1,043 1,481 





9,000 
24 | R.p.m. 741 1,284 1,658 TABLE 54 
Br. hp. 0.87 2.47 4.69 15 0.0 "YPICAL ‘‘ VARIABLE CAPACITY ”’ TABLE 





ae ——— ne Sean of Buffalo Forge Co.’s No. 6 Duplex Conoidal (Type DDH) 























Cu. Ft. 5,600 7,700 9,100 10,500 11,900 
272 | R.p.m. 648 913 1,110 1,280 1,485 Miatio Pressure, In. of Water. Barometer 29.92, Temperature 70 Deg. Fahr. 
Br. hp. 1.22 3.41 6.11 9.39 13.4 : 
Cu. Ft. | 7,200 9,900 | 12,600 | 14,400 | 16,200 ‘ 5 6 7 a 8t 
321 | R.p.m 550 776 955 1,102 1,232 ee Se Eis GELS: 
Br. hp 1.57 4.41 8.46 12.9 8.1 i \eM| HP | RPM| HP|RPM| HP |RPM| HP |RPM| HP | RPM| HP 





































371 | R.p.m 478 671 816 oe 10-0 | 087 | 26.1 | 1014 | 31.5) 1092 | 88.6 |1130 | 41.7 1201 | 49.3 
Br.hp 2.18 6.13 10.9 16.8 5) jm | oat | 26.7 | 1018 | 33.4] 1096 | 40.6 ]1133 | 44.3 1204 | 51.9 
| 086 | 28.5 | 1021 | 35.4] 1100 | 42.7 1137 | 46.5 1208 | 54.2 

Cu. Ft 13,500 18,000 | 22,500 | 25,500 
43 | R.p.m 416 583 714 821 1 | 040 | 90.6 | 1025 | 37.6] 1104 | 45.1 ]1140 | 49.1 1212 | 56.8 
Br. hp 2.97 8.06 15.1 22.8 8 | 040 | 82.8 | 1030 | 40.2] 1109 | 47.7 ]1144 | 51.7 1216 | 59.8 


a ee ee a ee 4 | O08 | 86.4 | 10385 | 42.8) 1114 | 50.6 ]1150 | 54.6 
45.9] 1119 | 54.0 |1156 | 58.1 
49.1) 1124 | 57.4 |1162 | 61.6 


52.6] 1131 | 61.1 [1169 | 65.3 


m0 | 000 | 88.2 | 1042 
m4] OOM | 41.1 | 1050 
ma} OHO | 44.8 | 1058 


50 | R.p.m. 354 495 609 707 














Cu. Ft. | 22,000 34,000 40,000 46,000 
58 | R.p.m. 301 433 525 wa} vor] 47.7 | 1008 | 56.2) 1141 | 65.1 1175 | 69.6 1242 | 78.6 
Br.hp 4.86 15.2 26.9 41.3 4) 6 }1008 | 61.2 | 1078 | 59,8] 1150 | 69.2 ]1182 | 73.6 1251 | 83.3 


a Wh 1 [1010 | 66.2 | 1080 | 63.9] 1160 | 73.6 |1192 | 78.4 











Cu. Ft. | 30,000 | 46,000 | 54,000 | 62,000 
674 | R.p.m. 260 372 452 521 : yy liono | 60.0 | 1101 | 68.5) 1171 | 78.8 ]1204 | 83.4 1271 | 93.4 
Br.hp. 6.57 20.5 36.1 55.6 ah | 00.8 | 1115 | 73,1] 1182 | 88.5 ]1217 | 88.4 1282 | 98.8 
———_|—————}+_ qe iti e_-\—_—-\_ joni | 07.8 | 1190 | 78.2] 1196 | 88.7 ]1229 | 93.6 1292 |105.0 
Cu. Ft. | 45,000 | 60,000 | 75,000 | 85,000 
78 | R.p.m. 228}. 319 891 451 504 wry | 74.2 | 1145 | 83,5] 1209 | 94,0 ]1240 | 99.5 1303 }111.1 
Br. hp. 10.2 26.8 50.2 76.0 w08 | 74.2 | 1160 | 88,6] 1221 1100.2 ]1262 ]105.5 1315 116.9 
—— | — eo OOO Hitt | MO. | 1176 | 04.6) 1287 1106.0 11268 112.0 1328 123.5 





Ou, Ft. | 57,500 80,000 | 102,500 | 117,500 

90} | R.p.m, 194 274 887 880 Ms HP e }iiio | H0.9 | 1102 
Br. hp, 12.7 35.3 68.5 105 1160 | 06.0 | 1210 

# }tioo [101.8 | 1990 


1341 |130.4 
1358 |138.0 
1375 [145.5 


100.0) 1264 [112.6 }1283 [118.5 
107.0] 1270 [110.2 |1200 ]125.8 
114.0) 1287 [126.8 }1915 [192.1 





Ou, It, per Min, at 70 dog. fahr, and at point of maximum 
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wlative speed will increase the unbalancing effect. The upward 
with increase in capacity represents a constant danger of over- 


159. Selection of Type and Size of Fan. — The influencing 
the choice of a fan for mechanical-draft purposes are primarily 


of air or gas to be handled, static pressure necessary to @ (viving motor, necessitating an oversized drive to take care of 
frictional resistance of the system, and the horsepower to dry i) requirements. Because of the undesirable characteristics, 
Other factors which may be of equal or even greater impo ward tip fan is little used for forced-draft service. Where both 
reliability, successful parallel operation, high static efficiency, i \nduced-draft fans are used, the resistances for the induced- 
serve of pressure for variation in load. Air and draft pres we practically constant; the exact form of the pressure charac- 


{ the latter 
wnimpor- 


ments at various loads may be approximated, as outlined ff 
chapters. The next step is to select from fan-capacity tables 
sizes and types of fans which will deliver the desired maximum 
air at the required maximum static pressure. Care must 
include in the static pressure the various drops due to the resist 
air ducts. It will be noted that several types and sizes of far 
the required volumes and pressures. The list may be greatly 
eliminating the sizes which range beyond the desired speed 
the power requirements are excessively high. Thus, for 
speeds, the steel-plate fan will probably be the best investimé 
high speeds some type of multi-vane blower is to be preferred, 
horsepower for a given capacity and static head runs up rap Al, 
speed, the size consuming the least power for the average boile 
be given preference to the others, though first cost must also be. 
The next step is to obtain from the manufacturer chara¢ 
or variable capacity tables for the particular types selected, 
the static pressures at various capacities of the fan with 
pressures and volume requirements. For a constant speed dri 
will be of the form shown in Fig. 240, and for variable speed 
of those shown in Fig. 242. Considering the different ch 
order of the curvature of the blade tip, viz., full-forward, 
backward, and full-backward, we have: 
Full-forward Tip. — This is virtually a velocity fan, since 1M 
component of the air velocity leaving the wheel is actually h 
rotational speed of the wheel itself. This feature is of ady 
very high outlet velocity is required and noise is not objec 
has the slowest tip speed, for a given pressure, of any. type, 
pressure curve (a) of Fig. 244 from full maximum to the load ( 
ing to maximum efficiency is desirable in that the pressure h 
out change in speed should the volume of air decrease, a8 when 
through the fuel bed is increased by clinker formation. The 
ing pressure curve, between the point of maximum officione 
cally zero capacity, is undesirable for parallel operation, 
assurance that one of the fans will not “ lio down ” if the fh 
inlet of the two fans is not equally unobstructed, 


3 








the speed 
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power 
wf the for- 30.90 100 +4110 +120 +4180 140 + 160 
Per Cent of Rated Volume 


11 ig "iq, 244. Fan Characteristics at Constant Speeds. 
Ww 
Hovietion of this type, Fig. 244 (b), show that the tendency 
Wialuing constant pressure over a wide range in capacity. 
is of the curve makes the fan very sensitive to resistance 
if (wed at a capacity corresponding to this portion of the 
+ the fan to run under or over the estimated capacity. 
murve ia also undesirable. 
Vip, = In this design, Fig. 244 (¢), the pressure curve 
in capacity from the maximum capacity obtainable to 
the fan without change of speed to overcome any 


Per Cent of Rated Static Pressure 
Per Cent of Rated Horsepower 
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variation in resistance of the fuel bed. This rising charac 

permits of perfect parallel operation. It will be noted that the 
rises slowly to a certain capacity and then drops off. This self 
in power requirements is ideal for motor drive, since there is i 


Weehonisms. Automatic control is commonly used with steam- 
Hives and hand control with motors, though automatic-motor 
Nicing favor with many engineers. Alternating-current motors 
wlion type seem to be preferred for induced-draft fans. Vari- 


from overloading. The efficiency is high and the fan has the h ivect-current motors are also used for induced-draft service. 
speed, for a given pressure, of any type. These characterist) ts ilivided between the use of individual fans for each boiler and 
favorable for high-speed forced-draft service and the majoril duct with several fans discharging into it. Some idea of 


modern installations are equipped with fans of this type. 

Partial-backward Tip. — This is an intermediate design he 
full-forward and full-backward type. The blades are curved 
the heel to meet the incoming air and backward at the tip to 
it, Fig. 244 (c). By changing the inclination and curvature of 
practically any characteristic from that of the full-forward to 


‘ive in the selection of a fan drive may be gained from 
Table 55. 


TABLE 55 
"AN DRIVES IN MODERN CENTRAL STATIONS 





Forced Draft Induced Draft 








full-backward design is obtainable. The pressure characte 
particular design shown in Fig. 244 (c) is favorable for forced-d 
RTOs ee Sou ary WN00-volt, a.c. constant speed None 
but the hp. characteristic is not self-limiting. The self-limiting Hi0-volt induction motor 2300-volt squirrel-cage 
however, may be developed by properly proportioning the val Hpared turbine None | 
: % 4 ae liduetion motor Induction motor 

variable-speed drive and automatic control, the self-limiting pe /100-volt, a.c. brush-shifting motor | Same as forced draft 
is of secondary importance. hay ey speed, 240-volt d.c. varie speed, 240-volt d.c. 

Steel-plate Fans. — The pressure and power characteristics of Cleared durhitle Nowe 
plate or few-bladed paddle-wheel fans, Fig. 244 (d), are practi¢ #\00-volt, a.c, brush-shifting motor | Same as forced draft 

: 4 ; 5 +W0-volt, a.c. brush-shifting motor | Same as forced draft 
with those of the double-curved blades illustrated in Fig. Steals Anduotion motor Samo'as foroadiieaee 
pressure curves are suitable for forced- or induced-draft, but 
is not self-limiting. Steel-plate fans are inherently slow-#p Povo Motion Auxiliary Motors: Power Plant Engrg., June 1, 1923, p. 581. 


and are usually installed where the driving units are steam OP 
slow-speed feature is desirable in induced-draft installations wht 
must be handled. 

Where the character of the station load curve is known or 
be approximated with a fair degree of accuracy, it is not a diff 
to select a size and type of fan which conforms with the stat we employed. The air gates or dampers and the speed of 
ments; but such knowledge is ordinarily the exception and t lw manually or automatically controlled. Manual control 
dependent largely upon experience. j vl at the point where the air gates, dampers, or auxiliary 


Neuse Auviliaries: Power, Jan. 31, 1922, p. 166; May 20, 1924, p. 817. 


aft Control. — The volume of air for combustion may be 
{ the wteam demand by throttling where the fans operate at 
4, and by changing the speed of rotation where variable- 


Plotting Blower Test Curves: A. H. Anderson, Trans. A.S.M.B., Vol. 80 tol ov, from distant points, (remote control) through the 
{ falle relay apparatus. With automatic control it is cus- 
160. Mechanical-draft Fan Drives. — While a large number fiinate the manipulation of the air-supply apparatus with 


and induced-draft fans in the older plants, are of the slowe#p 
wheel types, driven by small vertical engines, and many of 
plants employing high-speed multi-vane fans are equipped 
connected or geared turbines, the modern tendency is toward 
Induction motors of the slip-ring type are the more common. 
designed plants, but several plants are equipped with 
direct-current and variable-speed alternating-current mote 


hk damper in case of hand firing, and with that of the stoker 
elokor firing. The primary controlling forces are variation 
we, (2) furnace suction and (3) air-duct pressure, sepa- 
‘ination with each other. These forces actuate suitable 

which in turn vary the positions of the air gates or 
speeds of the stoker and fan drives, Among the popular 

onvontrol systema may be mentioned the Balanced 
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designed exciter for the shunt fields of all motors. The excit 

varied by means of a balanced piston, the movement of which 
by a pressure drop in the main steam header from points on, t 
steam nozzle of the boiler to the points just ahead of the prim 


Combustion Control for Steam Boilers: Power, Mar. 6, 1923, p. 354; 
p. 761; Feb. 24, 1925, p. 8314; Mech. Engrg., Mar. 1925, p. 193. 
Centralized Combustion Control for Boilers: Power, May 16, 1922, p. 
Fuel Saving Effected by Combustion Control: Power Plant Engrg., May 
Automatic Combustion Control: Power Plant Engrg., July 1, 1920, 5 
1924, p. 694. 


Electrical System of Combustion Control for Boiler Plants: Power, Jan, 


CHAPTER X 
RECIPROCATING STEAM ENGINES 


tury, — The type of prime mover best suited for a given 
the one that delivers the required power at the lowest cost, 
ileration all charges, fixed and operating. These include 
fet of fuel, labor, supplies, and repairs, but all overhead 
© iiterest on the investment, depreciation, maintenance, 
ii) eonditions as regards pressure and temperature, size 
Wf wervice, nature of the station load curve, and disposition 
i important factors which must also be considered. 
fife und continuity of operation are often of vital impor- 
wreatly influence the selection of type of prime mover 
Hpratus, In some situations, the gas engine and producer 
mf the highest commercial economy; in others, the choice 
feelprocating steam engine and the turbine; frequently 
* plant offers the best returns; but each proposed in- 
ile in itself, and general rules are without purpose. 
ii steam engine is the most widely distributed prime 
we world, and although its field of usefulness has been 
“| tipon in recent years by the steam turbine and in- 
) ehwine, it is still an important heat engine and will 
wt be aw factor for years to come. In a general sense, 
ls superior to the turbine for variable speed, slow rota- 
lwavy wtarting torque, while the turbine has superseded 
» eontval station units and for auxiliaries requiring high 
Ti high-speed turbine in connection with efficient re- 
lie some advantages over the piston engine for low- 
Ht) to « cortain extent replacing the latter in this connec- 
ely thermal standpoint, the Diesel type of internal com- 
 Hiperior to the steam engine and the turbine is more 
» requirements, but taking into consideration all of 
the production of power, the reciprocating engine may 
better Investment in many situations. 
the heat efficioney of the piston engine within the 
lwen remarkable, and single-cylinder units of the 
878 ; 


PROBLEMS 


1. The over-fire air supply of a 100-hp. horizontal return-tub 
operating at rating is furnished by two 3/16-in. diameter steam jets, 
nozzle 65 Ib. per sq. in. gage. What percentage of the weight of st 
the boiler is required to operate the jets? 

2. Dry air is flowing through a conduit, the velocity head (as india 
being 1 in. water. If 1 cu. ft. air weighs 0.074 'b., required the velocity } 

8. Let the cross-sectional area of the conduit in Problem 1 be 2 sq. hy 
pressure 0.5 in. water. Required the output horsepower of the fan. 

4. It is required to supply 20,000 cu. ft. air per min. to a furnnde : 
pressure of 1 in. water. The conduit is 10 ft. square and 100 ft. long, 
drop due to right-angle bends 0.1 in. The mechanical efficiency of 1 
cent. One cu. ft. of air weighs 0.074 lb. Calculate the horsepower 
the fan. 

5. Required the horsepower necessary to operate the fan in Pro 
pressure is increased to 2 in., other conditions remaining the same, 

6. If the rated speed of fan in Problem 3 is 2000 r.p.m., required 
the speed is increased to 4000 r.p.m. 

7. The demands on a fan running -2000 r.p.m. have increased, 
the fan will deliver the required volume of air if speed is increased to Mt 
why it will be much more economical to replace blower with one desl 
required volume under the original pressure requirements, 

8. Required the capacity of an induced fan suitable for the oor 
Problem 3, Chapter VIII. 

9. Required the power necessary to operate the fan in Problem 7A 
efficiency is 60 per cent under the specified operating conditions, _ ‘ 
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‘uniflow or unaflow type are being operated with steam col Heat supplied = Hi — dm (125) 
lower than that obtained from the older counterflow types oJ Heat converted into work = H; — Hp (126) 
units. A 150-hp. Schmidt high-pressure engine with inte Wileloncy, E, = (H; — Hn) + (Hi — Qn) (127) 
heating, recently tested in Germany, gave an overall thermal @ Water rate, W, = 2547 + (H; — Ha) (128) 
31 per cent (indicated horsepower basis). (See Table 61, pa 
A few years ago the piston engine appeared to be doom 
scrap heap, but the unusual economies effected in the later de »y on the Rankine cycle with complete expansion, 
made it once more a formidable competitor of the steam turbi fate on this cycle, lb. per hp-hr., 
for moderate power requirements and non-condensing leat content of the steam, B.t.u. per lb., 
recent installation of a 25,000 hp. .counterflow piston engine if heat content after adiabatic expansion from initial condition 
rolling mill is evidence that this type of prime mover is nob Niel vondition n, B.t.u. per lb., 
limited to small sizes.1 } 0 the liquid corresponding to exhaust temperature, B.t.u. 

Because of the limited space available, and considering ly 
this phase of the subject has been thoroughly covered in ne : 
attempt will be made to describe the various types of count piuine seldom expands to the existing back pressure, in 
engines or to analyze the constructive details. The discussie work done per lb. of steam supplied is less than if the ex- 
Haplete, The various theoretical quantities for this con- 































limited to the possibilities of the perfect engine and the y; rl 
which affect the performance of the actual mechanism, will 
selecting the characteristics best suited for a given kind of s@ 


163. The Ideal or Perfect Engine. — In every heat engin Hout supplied = H; — qa, B.t.u. per Ib. (129) 
ing Suid goes pereuages OBC, Or! Tyee, of operations B | ‘wt this is the same as for complete expansion. 
particular condition, it passes through a series of successive 
sure, volume, and temperature and returns to the initial eo) le y= H, +, (Pe — P2)/778 (130) 
ideally perfect engine, which effects the highest possible @ Wye (Hy He + 1, (Pe — Pe)/778) + (Hi — dm) (181) 
heat into mechanical work for a given cycle, is taken ag & W, @ 2047 + (HH; — Ho +, (P. — P2)/778] (132) 
comparison for the performance of the actual engine. Thal 
cycles which approach more or less the action of steam 
engine, but the Rankine cycle meets the conditions of most pi »y of the Rankine cycle with incomplete expansion, 
and for that reason has been adopted as a standard. The ¥ yontent at release pressure P, after adiabatic expansion, 
are treated at length in Chapter XXIII and need not be eon Wye lh, 

In order to realize the ideal Rankine cycle, the walls of the me pireamure, Ib, per sq. ft., 
the piston must be non-conducting, expansion after cut-off f mare, lb, por sq. ft., 
batic and carried down to the existing back pressure, the & volume of the fluid under release conditions, cu. ft. per _ 
valves must be instantaneous, and steam passages must fier notations as for complete expansion.) 
large to prevent wire drawing. Practically none of those pate of (hia eyele, Ib. per hp-hr, 
fulfilled by the actual engine. The various losses which r , 
actual engine from obtaining the efficiency of the ideal won pumnps and engines taking steam full stroke have 
paragraphs 171 to 181. . petioal pousibilities (see paragraph 399): 

The heat supplied, heat consumption, efficiency, and wipplied @ Hi dn (133) 
perfect engine operating in the Rankine cycle are tre Alworbed » 0) (Py — Ps)/788 B.t.u. (134) 
Chapter XXIII and may be summed up as follows: Manny, My! = 1 (P: = Ps) + 778 (Hi — Qn) (185) 

1 For a description of this engine see Power, Sopb. 26, 10% pate, W," = 2647 X 778 + v, (Pi — Pro) (186) 


jist expansion (see paragraph 397) may be calculated as 
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in which : 1 \ Wator rate, lb. of steam per unit output per hr. 
pal supplied, B.t.u. per unit output per hr. 
wrimnal efficiency, per cent. 

mhiwnical efficiency, per cent. 

thine cycle efficiency, per cent. 


v, = specific volume of the steam at pressure P, cu. ft. pé 
P, = initial pressure, lb. per sq. ft., 
P: = back pressure, lb. per sq: ft. 
E,” = efficiency of the non-expansion basis, 
W,” = water rate of this cycle, lb. per hp-hr. 


(Other notations as for complete expansion.) \wlieator offers the simplest means of measuring the output of a 


pnuine, and for this reason the performance is usually stated in 
W indicated horsepower. The indicated horsepower is always 
\ than the net available power by an amount equivalent to the 
( wf the mechanism. The power actually developed, or brake 
ov, ls not readily obtained except for small sizes, and it is cus- 
1) approximate this value by deducting the indicated horsepower 


Cylinder Efficiency of an Engine Reveals Avoidable Losses: Power, May 1, 


TABLE 56 


THEORETICAL EFFICIENCIES AND WATER RATES OF PERFECT ENGINES © 

















gen pps ae esc Mi Wiling idle f rom the indicated horsepower when running under 
load. This does not give the true effective power, but is suffi- 
Condensing, Back Pressure, 1 In. Hg. | Non-condensing, Back Prowl derurnte for most commercial purposes. (See paragraph 178.) 
hada ; with of steam turbines and piston engines driving electrical ma- 
Pressure oy Later Bate Biciency sonveniently stated in eleetrical horsepower or kilowatts, since 
i inal measurements are readily made. The electrical output as 
C R @ R } wt (he generator terminal gives the net effective work, and 

sally deducts the machine losses. 
m9 on nS ee ed ater Rate. — The most generally used measure of the per- 
150 34.10 | 30.60 | 8.65 | 7.26 of « wteam engine is the water rate, or lb. of steam supplied at 
as pew) ei = 6.94 uiition per unit of output, no correction being made for quality 
300 38.51 | 33.76 | 814 a eat. This includes condensation from jackets, receivers, and 
= na oe 4 6.25 olla, if the engine is of the jacketed or compound type. Since 
600 43.00 | 36.84 | 8.10 go tov offers the simplest means of measuring the output, the per- 
a ne ps a =e js wually stated in terms of indicated horsepower. Except 
1200 47.60 | 40.00 | 8.68 ee i} enuines where the developed power can be determined by a 
{, the water rate per br.hp-hr. is ordinarily approximated by 

















fw the indicated water rate by an assumed mechanical efficiency. 


164. Efficiency Standards. —In order to place the pe + vate per electrical hp-hr. or per kw-hr. for generator driving 


reciprocating engines on a comparable basis and to avoid ily caleulated from the electrical output. By plotting the 
the meaning of the terms used in expressing such performat / of wleam passing through the engine as ordinates, and the 
should be conducted in accordance with Test Code on Whether Lhp., br.hp. or kw., as abscissas, the resulting curve is a 
Engines, as recommended by Power Test Committee of the , or nearly so, and is known as the Willans line. If the con- 
Society of Mechanical Engineers. Directions regarding the throttling, the curve is a straight line, and if the engine is of the 
use, and calibration of the various instruments and apparal put-olf type the curve is convex to the X-axis. If the curve 
conducting engine tests, statements as to their ACCUPAGY, { line, the water rate at any load may be calculated by know- 


of two points on the curve, or of one point and the slope. 
line, whether straight or bent upward, may be closely ap- 


conducting tests, and definitions of the different terms 
the performance are detailed in the code, The perform 
cating engines is stated as follows: qj 
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proximated by the equation #0 In visualizing the performance of the engine at various loads. 
W=A+BP+CP%} « of the engine builder is to have this unit curve as flat as possible, 
? the officiency may be the same at all loads within the working 
in which P A wumber of typical water-rate curves will be found in this 
W = lb. of steam per hr., Wier various headings. If the initial pressure, quality, and back 
P = load, ithp., br.hp., or kw., were constant for all conditions of operation; the water rate 
A = Ib. of steam per hr. with engine idling, 4 (rue measure of the heat efficiency, but since this is not the 
B, C = constants determined by experiment, Water rate under actual conditions is of little value in comparing 
(C = 0 for a straight line) “a, The water rate may be used as a means of comparison, 
wiliable corrections are made for pressures and quality, but 
10 2 90 40 60 Tin 2 ‘ 100 110 120 190 140 160 lure is not common. Where it is desired to correct to any 
if | Siancdard conditions, as in contract guarantee or acceptance 
im achst Bhan a . survections applied should be agreed upon by the interested 
30 om ‘ime there are no standard correction factors applicable to all 
vad Sp 1008 as | Oe 1 sinew of engines. 
cI Sele cha ete rcp { Mupplied. — Heat supplied for engines and turbines is 
SC Feat Typ Ta : w the total heat content of the steam supplied less the heat 
ook 2 BOR Be PEP Cheat Tab [Pree 380, epee | I {1 at exhaust pressure. The heat of the liquid at exhaust is 
a ' hiown as the ideal feedwater temperature. The temperature 
25 aan nome et bil: i) for a non-condensing engine exhausting at standard atmos- 
é 20 imbie Nal chalag ae tsehoronee| Ltt | |_| lire in 212 deg. fahr., and that of-a condensing engine exhaust- 
i. L Stu ober # Prete Sap Tre ay absolute back pressure of 2 lb. is 126 deg. fahr. and so on. 
ra Sop Cond. 1607 Frese! THY EYP an nF Hipplied, referred to any unit of output, is defined as the heat 
g” {| ae ull of output, for example: B.t.u. per i-hp-hr.; B.t.u. per 
E yy, sup weet shad stot Peat Goat L 22, sid ina true measure of the heat economy. The heat of the 
28 . Hint pressure is dependent upon pressure only, and therefore 
417 BB #1 of any heat which may be collected in the condensation 
we CCE bin 19Noa! Cond! 180M Pread. 1507 Superbeat » oF reheater-receiver coils. Utilization of the heat in this 
mit iierensen the overall station economy but is not considered 
5 iM an the net heat supplied to the engines. 

. [| fey Cond 175 Pea, ; Hi. (1) A compound condensing engine develops a brake 
18 x . sieum consumption of 8.5 Ib. initial pressure 200 lb. abs., 
ey Oa Ba, Siaieloalnac-rajilprbualt4a? borertoat — Z } ‘log, fahr., exhaust pressure 0.5 Ib. abs., release pressure 
; —--- 4) The same engine when using wet steam develops a brake 

a “itiae 7 seam consumption of 12 lb. per hr., initial pressure 150 lb. : 

5 i) per cent, exhaust pressure 2 lb. abs., release pressure 
8 Oe ee Ywnpare the performance of the two engines on a “ heat sup- 


Fia. 247. Typical Water Rates for Various Classes of Tn 
The heat content of the superheated steam and that of 


For most engineering purposes, it is sufficiently accurate ji from steam tables to be Hj, = 1332; qu = 48. 
straight line for all classes of piston engines. ‘The unit ‘tent of the wet steam may be taken directly from the 
formed by plotting water rates as ordinates against unit outp ov onloulated 
) Enginooring Thermodynamics, Lucke, p. 386, © 0.08 X 863.2 + 890.2 = 1176.1; dy = 94. | 





oii 
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Heat supplied to superheated steam engine 
8.5 (1832 — 48) = 10,914 B.t.u. per br.hp-hr. 
Heat supplied to saturated steam engine = 
12 (1176.1 — 94) = 12,985 B.t.u. per br.hp-hr. 
' Economy of superheated- over saturated-steam engine 
(1) in water rate: 100 (12 — 8.5) + 12 = 29.2 per cent. 


(2) in heat supplied: 100 (12,985 — 10,914) + 12, 985 = 15, 


167. Thermal Efficiency. — The thermal efficiency of a g 


is the ratio of the heat equivalent of the work done tosthab 


measured above the heat of the liquid at exhaust pressure, 


expressed as indicated, brake, or combined thermal efficiency, 


upon whether the work done is based upon the indicated 
load or combined output of engine and generator, respecti 
the heat equivalent of one hp. is 2547 B.t.u. per hr., the 
brake thermal efficiency E; may be expressed: 


E, = 2547 + W( Hi; — qn) 
in which 
W = lb. steam per i.hp-hr. or br.hp-hr. 
H; and qd, as in equation (125) 


Since the heat equivalent of one kw. is 3415 B.t.u. per hr., the 


thermal efficiency of engine and generator £; is 
Ei; = 3415 + Wi (A; — qu) 
in which 
W, = lb. steam per kw-hr. 


Other notations as in equation (138) 


Example 32.— Calculate the thermal efficiencies of the t 


using the data in the preceding example. 


Solution. — Superheated steam engine. 

E; = 2547 + 8.5 (1832 — 48) = 0.233 = 23.3 per cent. 
Saturated steam engine. 
E, = 2547 + 12 (1176.1 — 94) = 0.196 = 19.6 per cent, 


The thermal efficiency of the actual engine varies from 5 per 


poorest grade of non-condensing single-cylinder single-valve 
ating with saturated steam, to 31 per cent in the highest 
expansion engine with high-pressure highly-superheated ste 


RECIPROCATING STEAM ENGINES 881 







































jerformance to date. As far as thermal efficiency is concerned, 
lensing piston engine still leads the non-condensing turbine 
Witter 2000 hp. 

Hanieval Efficiency. — The ratio of the brake horsepower 
fated power is the mechanical efficiency of the engine; the 


elevtrical horsepower to the indicated power is the mechanical 
wf the engine and generator combined; and the ratio of the 
yower to the indicated power of the engine is the mechanical 




































































the engine and pump combined. The percentage of work 
on |e, therefore, the difference between 100 per cent and the 
piielency in per cent. (See also paragraph 178.) 
Avleal efficiency of piston engines at rated load varies from 
fy the cheaper grades of engines to 95 per cent and even 98 
» the better types. With highly superheated steam, the 
Miviency is apt to be lower than with saturated steam unless 
levation has been paid to the system of lubrication. The 
wer decreases somewhat with the increase in size of engine 
ably higher =, 
Hiwtalled en- 90 
after they ,,% 
i worvice a 8” 
(hee Power, nL 
Wi, p, 652.) Ge 
Wiviencion at 5 60 
ty from 8&6 sed 
the 1h-kw. "a 
wont for ae 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 
Per Cent of Rated Load 
1 hw, rated Fig. 248. 
overall or 
yney at rated load varies from 75 per cent for small units 
i for larger ones. The generator efficiency of very large 
ye, 25,000 kw. rated capacity or more, is in the neighbor- 


went. ‘The efficiency at fractional loads for a specific case 
i Vig, 248. 

weoriny Thermodynamics, p. 370, states that the mechanical 
tie platon engine is independent of the speed and that it 
| 


By m= 1 — Ki — Ke/m (140) 


varying from 0,02 to 0.05, 
varying from 1,8 to 2.0, 
ve pressure, Ib, per sq. in, 
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169. Rankine Cycle Efficiency. — The degree of perfection of a 
or the extent to which the theoretical possibilities are reali 
ratio of the thermal efficiency of the actual engine to that of 
perfect. engine working in the Rankine cycle with complete @ 
This is called the Rankine efficiency, or Rankine cycle ratio, 
pressed on the i.hp., br.hp. or kw. basis. It is the accepted s 
comparing the performance of steam engines. 


TABLE 57 
RANKINE CYCLE EFFICIENCIES, PER CENT 


Saturated Steam Superheated Steam 


Non-condensing} Condensing |Non-condensing| Condensing 


‘ P Mele Valve,........ 50-65 38-4, 

If EH = Rankine efficiency’ : | valve LARA esc 65-75 12-63 73-89 60-75 

E, = thermal efficiency of the actualengine § | | Deseo 70-80 65-70 75-85 70-80 

E, = efficiency of the ideal engine working in the Rankine ae 19-82 1046 15-86 70-82 

complete expansion. 
* Counterfi 
Then E = E/E, mete, 
From equation (138) i) hgine seldom expands the steam down to the existing 
t, bul releases from 2 to 5 lb. above this point in condensing 
E, = 2547 + W(Hi — qn) from 15 to 20 lb. above in non-condensing engines. The 
Mirresponding to this condition is the Rankine cycle with 
And from equation (128) Pepineion, The ratio of the thermal efficiency of the actual 
B, = (H;— He) + (Hi— @) | of the ideal engine working in the incomplete cycle is a true 
= i . i 


tie tlegree of perfection of the engine under the given condi- 
file in sometimes called cylinder efficiency and may be ex- 


- Whence 


E = 2547/W(H; — qn) + (Hi — Hn)/(Hi — Ww) 


he 2547 
= 2547 + W( Hi — Hn) 


W ((H, — A.) + (P, — Pa, + 778] 


ye (18) and (182). 


(144) 


The Rankine cycle efficiency may also be expressed as the 
actual unit water rate to that of the perfect engine working 


same pressure and temperature range. , Determine the cylinder efficiency of the two engines 


Wiple BI. 
Example 33.— Determine the Rankine cycle efficiency of 


engines specified in Example 31. Miperheated steam engine: 
Solution. — Superheated steam engine. » IES |" RS pe oe 
E = 2547 + 8.5 (1382 — 908) = 0.706 = 70.6 per cont (be i) [TNF — 080 + TF 2.0 — 0.5)0.866 x 173.5) 
Saturated steam engine. » U.701 & 76 per cent. 
E = 2547 + 12 (1176 — 898) = 0.763 = 76.3 per cent (brid 
HW ehwine 
Rankine cycle efficiencies (i.hp. basis) for various type 2547 


under average steam conditions and at rated load range are a 
as shown in Table 57. 


1176 = 985 + 444 (4 — 2)0.808 X 90.5] 
| © N08 80.8 per cent, 


the various efficiencies for the two cases analyzed in 


1 ‘The term “efficiency ” without qualification when applied to the A 


engines ia usually considered to mean Rankine oyclo efficiency, 
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Wiplete expansion; 
Saturated drawing; 
Steam Engine tion of the mechanism; 
m ie of moisture in the steam at admission; 
pee a Mlon, convection, and minor loses 
RIGGSOn ts RATE Ooe., . «aa. Stiga op bss vical 4 
BN vorscgen ys STOR (ag Ceeapeeen ts aces eee 2 Hier Condensation. — The weight of steam apparently used 
egree of superheat, deg. fahr.....................e-eeeee : : aN " tadi 
Steam consumption, Ib. per br-hp-hr.: tion, as determined from the indicator card, or the indi- 
A gee Boe P fii eee feces een 1 (onsumption! (see paragraph 403) is considerably less than 
eal engine, ankine cycle, Wl incomplete expansion.. é i : 2 H $ Mf M 
Ideal engine, Rankine cycle, with complete Sieangion f 9.16 | ly Mipplied. The difference or missing quantity is due chiefly 
‘ Pe praise, arnaWCyole; <eitncte. Mackie tele eae 10.59 fondensation. This is by far the greatest loss in the steam 
Tittaleugine.” yeh it Weed ape | j the exception of that inherent in the ideal engine. When 
Se engine, tae pyate, we teocmapiate expansion.. 24.3 Wiiiled to the cylinder of a counterflow engine, a considerable 
Ideal bagine ‘Carnot ‘eee og a i ge fa ‘ easeg a 83 the heat is given up to the comparatively cool skin surface of 
Bepepopsuinption, B.t.u. per br.hp-hr.: eal / wills, If the steam is saturated at admission, this heat 
EET NEE MU GD DEL Pd Go 5. 5s 4 v.5-p Shs 9a oleae #0. v le0' bs. 0,5 alel bea eR $ eee ‘ + | | 
Ideal engine, Rankine cycle, with incomplete expansion.| 190.4 HALNON condensation, or initial condensation as it is called; if 
erat engine, Banking cycle, with complete expansion. . . He 1 4! admission, the temperature is lowered to a corresponding 
eal engine, Carnot cycle................ Fi ; ’ " at conti i i 
Rankine efficiency, per cent 76.3 / wiit-olf, heat continues to be given up to the walls until the 
Cylinder efficiency, per cent 80.8 of the steam falls below that of the skin surface, when the 


Hyyereed and part of the heat is returned to the steam. With 
yan the heat absorption causes condensation during expansion, 
Hu 10 the accepted theory, the heat rejected causes re-evapora- 
Pepansion, According to the investigation of M. H. Barker, 
the Hooven, Owens, Rentchler Co., the time from cut-off to 
) hort for the water of condensation to absorb the heat from 
Walle, and the departure of the expansion line from adiabatic 
bau, (See Power, Oct. 9, 1923, p. 567.) With superheated 
Hivalent heat exchange takes place, though to a less marked 
lies the cylinder is of a compound series, the heat absorbed 
iley walls during exhaust does no: useful work and is lost. 
Hilow engines, the exhaust steam must be returned in order 
Hw) the exhaust valves located at the ends of the cylinder, 
fi (he clearance surfaces, which in turn condense a part of 
seam on the next working stroke. In the uniflow engine 
jie 100 and 197) the expanded and cooled steam does not 
slearance surfaces but is discharged through ports in the 
fylinder, Turthermore, during compression, the exhaust 
1 i the cylinder is compressed against a jacketed head, 
) remaining in the clearance space is heated by compres- 
malure practically that of the initial steam. When the 
opens again to start the next stroke, live steam rushes 


* Quality. 


170. Commercial Efficiencies. — There is no accepted # 
rating the commercial efficiency of an engine or turbine. 
measures used in this connection, such as B.t.u. of fuel fired 
kw-hr., lb. of standard coal per br.hp-hr., cents per hp. per y 
like, include the economy of the boiler and auxiliaries and are 
indication of the performance of the engine alone. From a ¢ 
standpoint, it is important to know the weight of coal required 
a hp-hr., taking into consideration all of the losses of transl 
conversion, and a knowledge of the overall efficiency from 
to coal pile is of value in basing the cost of power; but these | 
reality measures of the plant economy and are of little value in 
the performance of the prime mover. 


Commercial Efficiency in Transformation and Distribution of Energy: 0, 
Mech. Engrg., June, 1924, p. 317. ; 


171. Heat Losses in the Steam Engine. — The principal lo 
tend to lower the efficiency of the steam engine and whieh 
from realizing the performance of the ideal engine are due to; 


(a) Cylinder condensation; 
(b) Leakage; 


(c) Clearance volume; (he steam accounted for by the diagram or diagram steam. 
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in and encounters the steam which is compressed to a high tem) jeeholing, is practically independent of engine speed and of cylinder 
and practically no initial condensation takes place. Cylinder ¢ 1 (4) by means of the experimentally determined relation of x, 
tion and leakage, measured as the proportion of the mixture pre + selunl steam consumption may be obtained from the indicator 
with the type and size of the engine, length of cut-off, valve desi Well within 4 per cent of the true value. The curves in Fig. 701 


perature range, location of ports and port passages, jacketing, “| on logarithmic cross-section paper from the pressure-volume 
and other variables. It ranges from 18 to 60 per cent in the if a 12-in. by 24-in. Corliss engine, and illustrate Mr. Clayton’s 
flow engine, and from 12 to 25 per cent in the uniflow. In WY analysis. The curves in Fig. 702 show the relation between 
engine, however, the curve is much flatter, as will be seen from wu exponent n for a given set of conditions. See also 


40 

ue of Steam. — The loss due to leakage is a variable fac- 

tiv pon the design and condition of the engine, and is greater 

Wile than with superheated steam. According to the investi- 
M. 1. Barker, about one out of three engines has tight valves. 

, Det, 80, 1928, p. 698.) The usual method of measuring 


tion of the curves in Fig. 249. These curves are based on indi@ ! 
taken from a number of non-condensing engines and are, th 
plicable only to the 

* EK HH Baa eeeeeseee types and sizes 1 
HK : for the conditions 
the tests were mac 











0 of interest in she the valves and piston while the engine is at rest is likely 
influence of ratio of | mous results, as demonstrated by Callender and Nicolson 
* on cylinder conden " Thermodynamics,” p. 351) in tests made on a high-speed 
leakage losses for lwilunwod-valve engine and on a quadruple expansion engine 





types of engines, 
The empirical 

® 6 0 Db 2 © ©  %s-— © which may be 

Percentage of Cut Off i 

Fic. 249. culating the ¢ 

losses, and which 

various influencing factors, are unwieldy and only approxim#é 

One of the most satisfactory formulas of this class is that ¢ 

R. C. H. Heck, “ The Steam Engine and Turbine,” 1911, 

The various heat exchanges between the working fluid and {1 


Wihalanced slide valves. With the engines at rest, they found 
hae past valves and piston was insignificant, but, when in 
tie leakage from the steam chest into the exhaust was con- 
1) wae thought that a large proportion of the leakage was 
the form of water formed by condensation of steam on the 
wil hy the valve. 

ty the report of the Steam Engine Research Committee 
1, March 24, 1905, p. 398), leakage through a plain slide valve 
i} of the speed of the sliding surfaces, and directly propor- 














’ 


walls, including cylinder condensation and leakage, are ap ilifference in pressure on the two sides; with well-fitted 
determined by transferring the indicator diagram to the hiuwe in never less than 4 per cent of the volume of steam 
entropy chart. (See paragraph 401.) For use and applic pylinders, and is often greater than 20 per cent. 
temperature-entropy diagram in engine tests, consult Power, T i» leakage losses may be approximated by transferring the 
p. 834; Jan. 21, 1908, p. 96; Jan. 28, 1908, p. 145. erwin Lo logarithmic cross-section paper. Figure 703 shows 
A comparatively simple method for approximating cylind HH of (ho logarithmic diagram to a specific case and illustrates 
tion and leakage losses is given by J. Paul Clayton, Bulletin Hf determining leakage losses. See paragraph 400. 
University of Illinois, and consists in transferring the indie Piet Valvow: Engrg., Feb. 9, 1912. 


to logarithmic cross-section paper. By means of the logaritht 
Clayton found that, (1) free from certain abnormal influence 
and compression take place in the cylinder substantially & 
the law PV" = C; (2) the value n bears a definite relation 
cylinder to the proportion of the total weight of steam m 
was present as steam at cut-off; (3) the relation of the 
value a, (quality of steam at cut-off) for the same class @ 


@ Volume, and Compression. — The portion of the 
# which ia not swept through by the piston but which 
filled with steam when admission occurs is called the 
*® It in the space between the end of the piston when 
wil (he inside of the valves covering the ports. In coun- 
1} varion from about 2 per cent of the piston displacement 
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j\-in, high-speed automatic engine at Stevens Institute show 
monomy with increase of compression, the initial pressure, 
Hil release remaining constant. The results were as follows: 


in very large engines with short steam passages, to 10 per cent 
in small high-speed engines. In uniflow engines it ranges from 
per cent, the lower value for the largest engines with single-be 


valves. 
The extent of surface in the clearance space greatly infl eh pressure un:ih ARM IeR AER M6 f ote ; 2 | Full 
. . ° . ll EF eee tes eee se seseseresoreserersese 8 3 
amount of cylinder condensation, since the piston is moving slé REDDY... . 2. se meee tr cete re eee 34.8 | 36.7 | 38 
p g ' 





the end of the cylinder, and the time of exposure of the steam 
surfaces is comparatively long. The greater part of the cylind@ 
sation usually occurs in the clearance space; therefore the steam 
and clearance space should be designed so as to present a minimul 
of surface consistent with the proper cushioning volume for 
operation. Theoretically, if steam is compressed adiabatically 
initial pressure there is no loss due to clearance, but in counterflo 
practice compression carried to initial pressure does not 
improve the economy. For a constant time element, the 


hy Carpenter (Trans. A.S.M.H., 16-957) on the high-pressure 
if the Corliss engine at Sibley College gave: 





Bi i we vee oo +4 te «2 Leni oe emperor st 


je by A. H. Klemperer on a 7.1-in. by 17.7-in. Corliss engine, 





cut-off the greater will be the ratio of the weight of cushion ste . wave decreasing steam consumption for increase in compres- 
of the steam supplied and hence the greater the loss. In * up to about twice that of the clearance beyond which the 
lnereased with the increase in compression. (Zedt. d. Ver. 


moving engines the loss due to clearance may be greater th 
high-speed, short-stroke engines because of the longer time of _ 
to the clearance surface. According to Professor J. Stumpf (7 
flow Engine, 1922, p. 42), “ (1) for the same initial and back 
m.e.p., and best compression, the theoretical steam consumption 
almost linearly with the clearance volume. (2) The volume lo 


» Vol, 1, 1905, p. 797.) 

yule by Professor Boulvin on a 9.8-in. by 19.7-in. Corliss engine 
versity of Ghent gave results agreeing with those of Klemperer. 
Menanique, 1907, Vol. XX, p. 109.) 

fhe to Incomplete Expansion. — In the perfect or ideal 


with increasing initial pressure, decreases with increasing bac jm economy is effected by expanding the steam down to 
and m.e.p., and becomes a minimum for a certain length of o@ lwek pressure. The increase in mean effective pressure, 
(3) The clearance volume loss is zero if expansion reaches the yeulting from complete expansion, particularly for low back 
sure and compression rises to the initial pressure. (4) For a gi #1 \iiwh initial pressure, is comparatively small and necessitates 
pressure, back pressure, m.e.p., and length of compression, the: petromely large cylinders for a given power output. In the 
volume must be such that the change of pressure during ow we, the m.e.p. is less than in the perfect engine for the same 
equal to the change of pressure during compression.” therefore, in order. to obtain more power for reasonable 

The ratio of expansion is a function of the clearance vol fwenelon, expansion is not carried to the back-pressure line 
ample, an engine cutting off at one fifth, neglecting clearane * jolnt above this limit. Furthermore, in the actual engine, 
apparent ratio of expansion of 5, but if the clearance volume thw ratio of expansion the greater will be the loss due to cylinder 
cent the actual ratio is only 3.66. : %), and at some point in the expansion the loss just balances 

In high-speed engines a certain amount of compression is d eal watn and any further expansion beyond this point will be 
its cushioning effect irrespective of its influence on economy, we of eoonomy. This critical point varies with the design of 
to Professor J. Stumpf, “For a given initial pressure, moun al promure, and quality of steam, and the back pressure. In 


y single-cylinder non-condensing counterflow engine using 
1), |t corresponds to approximately one-quarter cut-off. As 
# later, the ratio of the expansion may be increased with 
jwation losses, or the equivalent, by compounding, super- 
iploylng the uniflow principle, 


pressure, and clearance volume, the lowest steam consumption 
if the length of compression is made 100 per cent and the b 
is chosen 80 as to make the change of total heat during exp 
the change of total heat during compression,” : 
A series of tests by Professor Jacobus (7'rans, AuS.M.2,, 
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176. Loss Due to Back Pressure. — In the perfect engine, ff 1 Ih engines of the Corliss, poppet, or gridiron-valve type, the 
initial pressure and quality of steam and a fixed ratio of e hardly noticeable. 
m.e.p., any reduction in back pressure will result in increalill Due to Friction of the Mechanism. — The difference be- 
directly proportional to the m.e.p. Conversely, any inere Hiilieated horsepower and that actually developed is the power 
pressure will result in correspondingly decreased horsepower, i} overcoming friction, and varies from 4 to 20 per cent of the 
will be seen that more power can be realized for a given weight jwer, depending upon the type and condition of the engine 
by this reduction of back pressure, or, for a given power, less st Wethod of lubrication. Engine friction may be divided into (1) 
be furnished the engine. In the actual engine this law holds Welond friction and (2) load friction. The stuffing-box and 
certain limits only. For example, a single-cylinder engine ¢ fyivtion is practically independent of the load, while that of 


non-condensing service will show decreased economy almost dit ' fwarings, and the like increases with the load.- The curves 
portional to the increase in back pressure for pressures above # }whow the relation between friction horsepower and developed 
but when the back pressure is reduced by condensing, the gain I for w few types of engines. The distribution of the frictional 
is less as the degree of vacuum increases. This is due partly § Hiinber of engines is given in Table 58. See also paragraph 
at the higher vacua and to increased cylinder condensation beg 

increased temperature range within the cylinder. This is 

classes and types of piston engines, but the degree of depart TABLE 58 

performance of the ideal engine is more marked in the sil {NUTION OF FRICTION IN SOME DIRECT-ACTING STEAM ENGINES 
counterflow than in the compound counterflow or single-cylitt (Thurston)* 


engine. Professor J. Stumpf, in “The Unaflow Steam Ip 
Edition, p. 43, proves deductively that in every piston “a 
back pressure Se each set of operating conditions under whieh 


Percentage of Total Engine Friction 


where 
Bima isiwl “Straight” a J Traction Automatic Contenrias 


economy can be realized. This critical back pressure is a fur piine” | ppt ed Engine Balanced 
a alanced nbalanc Locomoti Val Bal 
clearance volume, initial pressure, load, and length of comp ‘alve Valve Valve Gear pie alanced 





Professor Stumpf has experimented with exhaust nozzles 








of making use of the kinetic energy of the exhaust to reduce § 47.0 35.4 41.6 46.0 

back pressure. This has proved successful on the Prussian Satin rel 999 | 20 | 20 | | or 

ways in connection with multi-cylinder uniflow engines, © —|———__——__ 

experimental work of this nature is under way in Ameri¢iy 6.8 de. wii bak a0 

has not been developed to the point where stationary units wriet pin 5.4 4.1 

this principle. For a mathematical analysis of the exhaust al Be pol “Fe: a, a A 8 

“ Using Exhaust Energy in Reciprocating Engines,” by J. —|—____—_——_ 9.3 21.0 

Engrg., June, 1922, p. 369. : of ov a‘? 

177. Loss Due to Wire Drawing. — Wire drawing, or Wh 

pressure due to the resistances of the ports and passages, b on oe ere mares 

of reducing the output and the economy of the engine to fe  } —] 
100.0 100.0 100.0 100.0 100.0 


since the pressure within the cylinder is less than that at 
during admission and greater than discharge pressure at 
steam may be dried to a small extent during admission, 
the drop in pressure the heat availability is reduced, The le at Admission. —The presence of moisture in the 
heat may be calculated as shown in paragraph 891, 1 tie to condensation caused by radiation or to priming 
engines the effects of wire drawing are decidedly mark Uilew removed by some separating device between boiler 
points of cut-off and release are sometimes difficult to lé mount of moisture entering the cylinder may be from 1 


Vrietion and Lost Work in Machinery,” p. 13. 
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Aust steam is used for heating or other useful purposes, the 
wble to power is the difference between the heat supplied and 
‘| from the exhaust, and amounts to approximately 2800 B.t.u. 
or 4000 B.t.u. per kw-hr. In passing through a prime mover, 
tyacted from the steam by: 


to 5 per cent of the total weight of steam, and the work don 
fluid is correspondingly reduced. This loss should not be cha 
the engine, however, and its performance should be reckoned @ 
steam basis. Experiments reported by Professor R. C. Carpen 
A.S.M.E., 15-438) in which water in varying quantities was Il 
into the steam pipe, causing the quality of the steam to rang 
per cent to 57 per cent, showed that the consumption of dry 
i.hp-hr. was practically constant, the water acting as an in@ 


version of part of the heat into mechanical energy, 
{o the surroundings. 


if A = heat converted into work, B.t.u. per lb. of steam, 


spectively, 
ite, = mechanical efficiency of the engine and combined 

engine-generator, respectively, 
2547 _ 2547 _ 3415 


WwW o, ew’ ¥ eW, 





(145) 


//, aa the initial heat content, B.t.u. per lb. above 32 deg. 
7, «4 the loss due to radiation, B.t.u. per Ib., the heat content 
Hf exhaust will be 


Friction Horsepower 


























LE, PE Be nee a 
“1% oped emer? a ly stated, the heat loss due to radiation in terms of the total 
Fra. 250. Typical Curves of Engine Friction. 4} varies from 0.3 per cent in very large units with efficiently 

sieve and steam chests to approximately 2 per cent in small 


An efficient separator will remove practically all the ent 
The presence of large quantities of water in the cylinder i# 
the engine unless it is provided with large automatic sil 
Moisture carried from the boiler contains many of the imyi 


hi), rated capacity. An average value of 1 per cent may be 
® tieel practical purposes. 
ie! contains moisture, as is usually the case, we have 


in the feedwater and is apt to foul the valves and fittings in Hz = wate + %, (147) 
180. Radiation and Minor Losses. —The heat om 

called “radiation,” from the cylinder steam chest, piston . 

stems, to the surroundings has the effect of increasing thé ity of tho exhaust, 

densation. In jacket engines this loss may be approxi if heal corresponding to exhaust pressure, 

quantity of steam condensed in the jacket when the engine if of the liquid at exhaust pressure. 

In unjacketed engines the loss is practically undetermi myations (146) and (147) and reducing 

heat exchange between the cylinder walls and the steam is One m= (Hi - He—-@ =A) +7 (148) 


plex. The heat loss due to radiation, measured in terme 
heat supplied, varies from 0.2 per cent in very large unite 
lagged cylinders and steam chests, to approximately 2 per 
engines as ordinarily insulated. 

181, Heat Lost in the Exhaust, — Most of the heat 
engine is rejected to the exhaust; this varies from 70. 
most economical type of prime mover to 95 per cent in 


t le superheated 


Hy = % + qa + Cla’, 


welllo hoat of the superheated steam at exhaust pressure, 
of miperheat of the exhaust steam, deg. fahr, 


11), = water rate, lb. per i-hp-hr., br.hp-hr. and kw-hr., re- 








* of main, rate of flow, and efficiency of the pipe covering. 
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The net heat, H,, chargeable to power is 
H, = W(A + H,), B.t.u. per i-hp-hr. 


) the equivalent of 2 per cent of the heat content of the throttle 
i this assumption we have, as the heat chargeable to power, 


WATS + 11.7 + 23.4) = 3776.5, B.t.u. per i-hp-hr. 


(hat the condensation from the heating system, including 
fol from the engine, is returned to the boiler at a temperature 
fal,, the net heat supplied per lb. of steam is 


= 1171 — (192 — 32) = 1011 B.t.u. 
Mulvalent water rate for power only is 
; 3776.5 + 1011 = 3.73 lb. per i-hp-hr. 


fel consumption for power when the exhaust steam is used 
fiirposes is at once apparent. 

pxtracted at some stage between the high-pressure inlet and the 
1, o4 from the receiver of a compound engine, the procedure 
# & previously described except that the water rate up to the 
fwetion must be taken instead of the water rate for full expan- 
Peaple 44. 


Wy Vout of Exhaust as Compared to Live Steam. Power, May, 13, 1924, 


All of the heat of the exhaust is not available for commer 
purposes or process work, because of the condensation lost 
haust main. The extent of the latter depends upon the si 


this loss by H,(B.t.u. per lb. of steam), and assuming that it 
against power, the total heat chargeable to power is 


H,= W(A+ H,+ 4H;z) 
and the equivalent water rate, for power only, W,, is 
W,= W(A+ H,+ H,)+ H 
in which 
H = net heat supplied to the engine, B.t.u. per Ib. 


For output expressed in terms of br.hp. or kw., substitute 
respectively, in place of W. 4 
Very little information is available relative to the quality 
as determined by actual test, but such as has been published 
with the results calculated from equation (147). 


# of Increasing Economy. — Various methods have been 
lwitering the economy of piston engines; among them may 


Example 35. — A 23-in. by 16-in. simple engine, direct ¢ 
200-kw. generator installed at the Armour Institute of Tee 
35 Ib. of steam per i-hp-hr. at full load; initial pressure, 1151 
pressure, 17 lb. abs., initial quality, 98 per cent. 

Calculate the quality of the exhaust, assuming a radiation . 
cent, and determine the amount of heat chargeable to power, / “ong jackets, 

jie receivers, 

Witiling, 
Hiiflow or straight-flow cylinders, 
binary fluids, 


iw initial pressure, 

it rotutive speed, 

{i back pressure by condensing, 
patie, 


Solution. — From steam tables 
A, = ar+q = 0.98 X 879.8 + 309 = 1171; ™ = 965.05 
A = 2547/35 = 72.8. 

By assumption, H, = 0.01 X 1171 = 11.7 

Substituting these values in equation (147) and reducing 
Ld = "11 — 187 Tae 


elie Hnitial Pressure. — A glance at the curves in Fig. 
Yiniulive the relation between thermal efficiency and varying 


Te = 9656 0.933 or 93.3 per Com for the perfect engine working in the Rankine cycle, shows 
are cal i lity of ORE Hiyatod wtoam the efficiency increases with the initial pressure. 
ctual calorimeter tests gave a quality o 5 per conti, we of 260 Ib, abs., there is a marked increase in efficiency, 
somewhat larger radiation loss than the assumed value of | ' oe dually d : Th 
Total heat, H», chargeable to power (equation 150), Pile point the gain is at a gradually decreasing rate. sabe 


Hvemmure from 50 to 250 Ib., a range of 200 Ib., the efficiency 
) per cent for the condensing and 55 per cent for the non- 

wo, while raising the pressure from 800 to 1200 Ib., a range 
syeneen the efficiency of the condensing engine but 5,25 per 


Hy = 35 (72.8 + 11.7 + H,), B.t.u, per ihpeh 


H, varies with the size and length of the exhaust main 
of the covering, Assume that in this particular insta 
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cent and that of the non-condensing engine but 9.1 per cent 
formance of the actual engine also shows increased efficien¢ f 
initial pressures, but to a lesser degree than with the perfect eng 
the engine is designed for high pressures there is a point h 


\ives commonly found in American practice are substantially 























‘ Type of Engine prom Average 
leakage past pistons and valves and cylinder condensation (Gage) 
thermal gain. - This point of maximum heat economy ' 
type and construction of the engine and ranges from 165 IDs ib iieniert eet ee ee 
ordinary type of counterflow engine designed for moderate WW (non-condensing)................0.eeee ee 115-225 . 160 
415 lb. abs. in the best type of single-acting uniflow en i meme S OLA wich bates 125-225 bs 
! ; papood, condensing.......... 150 
—_—— iad’ 6 
"TL. Leer Biipondensing. ss cccceceetesec.] 40-950 | 200 
S == a — me, CONGEHsiNg:. 415: 8) TF A reer: tags es 175-300 250 
per 1 
x LA Te Bxhaust | i tim performance data from observed initial pressures to 
3% rs " eonditions as specified by contract or under guarantee, 
2 |/ wwe so-called “ correction factors’’ which are based on 
g | gE mi | i ave calculated from the performance of the perfect engine 
a | a Gaives Showing intueng of fl 4| oy observed Rankine cycle efficiencies. These factors, of 
| of the Perfect Engine ii) be agreed upon by the parties interested, because they 
Be isha 7 |_| type and design of engine, load, and initial and final steam 
5 Peet | | | ae ” example, a manufacturer of a well-known line of four- 
0 


ah . wel non-condensing engines uses the following correction 
#tions in water rate at full load for varying initial pressures; 
1 4 per cont; 175 lb. deduct 3 per cent; 150 lb. (‘ standard,” 
}) 185 lb, add 5 per cent; 100 lb. add 8 per cent; 75 lb. add 


Fie. 251 


experimental engines of the pausing ed deci 
have shown increased efficiency up to the db, ini } ' OE ae : ' ; 
gain st preamure above 40 Ib. wore Boe da adidas, snc rate, nom-enncening sta 
fitet eos: of the plant equinane by applet ph th, per aq. in.; initial quality, 99 per cent; atmospheric 
steam. With high initial superheat and intermediate # Miiile pt rated load 80 I per ho-he. Calculate the water 
heat economy appears to be limited only by the maximititt fntood conditions of 150 lb. initial pressure and dry steam, 
temperature that the materials can Whee ines 4 1 fedueed Rankine axel ellanignesek Ld nee paetaelee 
in this country, the best overall plant efficiency, taking 

both fixed Sa operating costs, is obtained through the wae 

pressures and superheat. In some steam turbines wh 
course of construction, and which are to operate on @ ™ 
tive cycle with intermediate reheating, it is proposed UW 
pressures of 1200 lb. per sq. in. and a total temperature 6 
Pressures over 400 Ib. per sq. in. are frequently employer 
where heat economy is secondary in importance to 


high power ratings. 


Aviual Rankine cycle efficiency, equation (148) 


UAT 2547 


© Wl, —T ™ 30 G80 — 1030) = °-°%. 


Hy and H, corresponding to 100 Ib, pressure and atmos- 
sy be conveniently taken from the Mollier diagram. 
efficiency at 150 Ib, pressure, as per agreement. 


1.00 = 10 per cent of 0.566, or 0.51 approximately. 
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A comparison of tests of high-speed and low-speed engines in 
‘ivy, irrespective of design and construction, shows the former 


Water rate at 150 lb. pressure and dry steam may be 
equation (143), by substituting Z = 0.51 (as per preceding @& 


fe ee LT tee a aoe Gabel ) meonomical than the latter in most cases. In Europe, high- 

from initial conditions), thus: lien are developed to a high degree of efficiency, and their per- 
ave comparable with the best grade of low-speed engines. 

0.51 = Wiss 101) worl engines as a class have the advantage of being more compact 

} power, are simple in construction and relatively low in first 

W = 28 lb. per i.hp-hr., water rate under “ guarantee 7 ie other hand, they are subject to comparatively rapid de- 


, #keeusive vibration, and are usually less economical in steam 
184. Increasing Rotative Speed. — High rotative speot "i, 

necessarily mean high piston speed. An 8-in. by 10-in, en easing Back Pressures. —In the non-condensing engine 

at 300 r.p.m. has a piston speed of only 500 ft. per mim ii back pressure is that of the atmosphere (the Stumpf exhaust- 

36-in. by 72-in. Corliss running at 60 r.p.m. has a piston spa jW engine excepted), and the back pressure in the condensing 

per min. The classification “high speed” and “ low Hind only by the degree of vacuum developed in the condenser. 


‘to rotative speed only, the former above and the latter h valvon, and stuffing boxes are tight and the steam passages are’ 
r.p.m. . Wea, the power developed by a given weight of steam will in- 

On account of the reduction of thermodynamic wastes, tie luck pressure is decreased, or, for a given output, the water 
engine should give theoretically a higher efficiency than the Weerenne with the decrease in back pressure. The higher the 


at a lower speed, all other conditions being the same, 
speed upon economy is decidedly marked in engines and 


Pasion, the greater will be the effect of.a given variation in 
ms. Wor this reason, non-condensing engines as a class are 
steam full stroke. For example, tests of a 12-in. by 7 1/ ‘| by variations in back pressure than are condensing engines 
simplex direct-acting steam pump at Armour Institute ¢ } variations in vacua. For a given mean effective pressure, 
showed a steam consumption of 300 lb. per i-bp-hr. at If 1» lnfluence is the same in both classes of service. With each 
minute, and only 99 lb. at 100 strokes per minute. ' is of engine and initial steam conditions, there is a back 

Tests of engines using steam expansively, however, do not which maximum economy is effected, but this critical point 
clusive evidence on this point, some showing a decided determined by actual test. For example, a small high-speed 
“Thermodynamics,” p. 425), others little or no gain (B f# piston engine in the laboratories of the Armour Institute 
Tests,” p. 260). For example, a small Willans engine sho » showed a minimum water rate at a vacuum of 22 in. (re- 
in economy of 20 per cent on increasing the rotative ap » barometer) while the best performance of a small cross- 
408 r.p.m. (Peabody, “ Thermodynamics,” p. 402), wh ‘ule was obtained with a 26-in. vacuum. Both engines 
pound locomotive at the Louisiana Purchase Exposition with saturated steam at an initial pressure of 125 Ib. abs. 
economy for the higher speeds (Publication by the Pennayly -hnd, a small experimental engine designed for high initial 
Company). On the other hand, a comparison of the perfory Win, arid superheat showed decreasing water rates up to 
and low-speed Corliss engines shows little difference in yeouwm obtainable, 28.6 in. (See Table 62.) Back pres- 
general comparison between high- and low-speed engines wlninvum water rates are not necessarily the most economi- 
information, since nearly all high-speed engines are of & yall standpoint, because the heat of the liquid at exhaust 
from the low-speed ones. High-speed engines are comp myulvalent of the power required to produce the vacuum, 
in size, require larger clearance volume, and are usu of (he additional fixed and operating charges, have not 
single valve, Rotative speed is limited by design, matey If the condensate is discharged to waste, the water 
ship, and cost of subsequent maintenance, Speeds of fixed and operating charges for the condenser equipment) 
more are not unusual with single-acting engines, whe of the heat economy, but if the heat of the exhaust is 
about the limit for double-acting machines with stre folot of minimum heat consumption is not necessarily 
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vi for back pressures may be made in a manner similar to 
Wiitial pressures, as discussed in paragraph 183. 

fuelurer of a well-known line of high-speed four-cycle non- 
Miwines gives the following correction factors for increasing 
iron: 

w for Increased Back Pressures at Full Load. Add to the 
fy onch 1 Ib. back pressure above atmosphere; 1 per cent at 
al pressure; 1 1/4 per cent at 175 lb.; 1 1/2 per cent at 150 
Pent at 125 lb.; 2 1/2 per cent at 100 lb.; and 3 per cent at 75 


coincident with that of the minimum water rate. This is ¢ 
by the curves in Fig. 252, which, though strictly applicable ¢ 
case, are characteristic of counterflow engines in general. 
Fig. 252 it will be seen that the minimum water rate co. 
vacuum of 28 in. but the net heat supplied per unit output 
to a 2l-in. vacuum. If the steam equivalent of the power 
operate the condenser equipment were deducted from the 
net heat supplied, the point of most economical perfortt 
probably be at a still lower vacuum. Engines under 200 
pacity are seldom operated condensing, because the cost, fix 
ting, of producing the vacuum usually exceeds the gain in h 


. 


7, —A manufacturer of a line of simple Corliss engines 
® water rate of 18 lb. per ichp-hr. at rated load for initial 





































a of 125 lb. per sq. in., dry steam at admission, and vacuum 
ialiogees ot Na fe cote | a elerved to 30-in. barometer. If the best vacuum obtainable 
g puntérfiow Ei fe | ditions is 24 in., what would be the water rate in order to 
gio 18. Steda—t+-—_+— ; avantee? An increase of 5 per cent in Rankine cycle effi- 
Pa t fereed upon for the reduced vacuum. 
Sis 4 l'vom steam tables, the initial heat content at 125 lb. gage 
aa wind to be 1192.2 B.t.u. per lb. From the Mollier diagram, 
aS tion, the heat content at the end of adiabatic expansion to a 
BiT E16 » la found to be 921 B.t.u. per Ib. Substituting these values 
ao 11), noting that W = 18, and solving for EZ, we have 
8 » 18 (1192.2 — 921) = 0.528, Rankine cycle efficiency under 
Fis 15 wlitions, 

















0 vv ee ee “ _— at 24-in. vacuum by agreement = 0.523 + .05 X 
HPO, 


thin value for EZ in equation (143) and 954 = H, for the 
ent corresponding to a 24-in. vacuum, we have 
0,55 = 2547 + W (1192.2 — 954) 

W = 19.5 lb. per i.hp-hr. 



































Fig. 252. 


Where there is a large demand for exhaust steam for h 
industrial purposes, the engines are generally of the non-@0r 
but where only a portion of the exhaust is required, the compe 
ing engine is often the better investment. In the latter ¢ ! 
heating is bled from the receiver. Single-cylinder cond 
may be bled at any point during the forward stroke, but 
mon practice because of the added complication of the b 
(See paragraph 212.) The reduction in water rate, noglee 
of steam required to produce the vacuum, which may range 
per cent of the main engine steam, varies with the type and 
load, reduction in back pressure, and initial steam condition 
of the influence of condensing on the water rate of nit # the eylinder is far from being non-conducting and con- 
reciprocating engines may be gained from the data in sondensation takes place, The reduction of cylinder con- 
curves in Fig. 271 show the performance of the unifloy to the use of superheated steam is the principal reason for 
operating condensing and non-condensing, and those t in eoonomy of the actual engine, The greater the cylinder 
the comparative results of large croas-compound counter larger ia the saving possible, As a rough approximation, 


ting. — The theoretical gain due to the use of super- 
wilvely amall, as will be seen from Table 60. Considering 
expense of equipment and maintenance of superheating 
ultimate gain would appear to be a negative quantity. 
“wever, the heat economy of the piston engine is greatly 
siperhenting. This apparent anomaly is due to the fact 
Joal engine is assumed to operate in a non-conducting cycle 
(lon takes place except in doing work, whereas in the 
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the steam consumption is reduced about 1 Hf -— . ## «loam consumption per unit output is concerned, all engines 
fahr. increase in superheat, but the actual value depen / lype and size show greater economy with superheated steam 
and size of engine and the initial condition of the steam. ih waturated 



















































practice superheat corresponding to a total steam temperati is oconomy 
650 deg. fahr. appears to be the limit of commercial ecor Sith the } ake oF Bigicaton 
Europe temperatures.as high as 850 deg. fahr. have been em ip to the TiDitterent Sizes 
apparent ultimate economy Semporature of Engine-Generator Sets, 
TABLE 59 the plant can ‘ 
EXAMPLES OF THE EFFECT OF CONDENSING ON THE ECONOMY OF 1) but when a 
RECIPROCATING ENGINES lnvewtment 3 
i) CORts are 3 Initial Pressures 150 
Non-Condensing Condensing Simei. 4 Vacuum 25 to 27 in, 
= ‘ ' @Xl- 4 
Refer- wreinl econ- g 
ee Best A 
ber | Taitial | Home | cancer, | Tail | Sure, | power | Gon pee in dol- |, 
Ne 
Preeeure | Devel | tion, Lb. | precsure | Zo-Hn| oped oan ls wally s 
Abs. fin perature 
Wlowerthan * 
1 | 147 54.7 19.2 | 149 1.6| 83.4 | 14, un 
2 148 540 19.3 147 4 ce ae 16, 4 | Z 
3 | 126 83 23.8 | 130 7.4.1 116 19, kneel 
4 67.6 | 209 28.9 67 5 will be : 
5 | 103.8 | 177.5 | 22.1 | 103.8 | 1.2 | 155 16.6 MP Sah ict Desens Wehaenllt’ 400 
6 | 114 160 31 114 | 168 | Hf tho size Fa oak . 
7 96 * 120 23.9 96 4 | 145 10.4 ma the water wag Mas 
8 | 118 267 23.24 | 119 4.2] 276.9 | 16 : ; ; : 
9 75.9 | 310 25.6 79 6.4 | 336 20,6 Hilliciont superheat is put into the steam, all sizes of engines 
10 62.5 451 30.1 63.6 7.8 | 444 : 3 
11 | 186.7 | 40.4 | 18.7 | 184.6 | 1.6| 20.8 | I? of given type and 
| design will probably 





have the same water 
rate. This is illus- 
trated by the curves 
in Fig. 253, which, 


1% a team 
om ‘uperheat - 50°F, plicable to the par- 
. is F, 


* Cut-off changed for best economy. 


TABLE 60 

THEORETICAL EFFICIENCIES AND WATHR RATION 
Rankine Cycle — Superheated Steam 

Initial Pressure 200 Lb. per 8q. In, Aba, 























Perse 7S 7 ZA 

















Rou hh Efficiency Wa q 
Superhest, “ ticular type of en-. 
Condensing* Non-condensing Condensing® gines tested, are 
z ae ies FF characteristic of en- 
50 32.08 18.71 6.72 gines in general. 
100 32.24 18.92 oe The higher the 
200 30.7 1D bt 6.16 | superheat, the less 
250 33.09 19.89 5.98 “ 60 80 10 will be the influence 
350 33.81 20,76 6.07 Por Gent of Rated Load Roviind 
400 34.20 21.25 5.48 Peet of Varying Superheat on Steam of cylinder condensa- 
500 85.04 22,12 5.16 Consumption, tion on the water 


rate and the flatter 


* Absolute baole pressure 0.8 Ib, per oq) 1m riance curve, This is shown by the curves in Fig. 254. 
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wader which the net heat supplied per unit output is less with 
iy commission than when operating without them, while with 
yo i little or no improvement. The larger the area of inner 
Pxpowed to the action of the working steam, the greater will be 
ts from jacketing. Increased speed, lower ratios of expansion, 
basi y nits tend to reduce the surface losses and hence the effects 
wt. High speed dampens the temperature fluctuation of the 


A few typical performance curves showing the influence 6 
on different types of counterflow engines are shown in Fig 
See Fig. 262 for influence of initial superheat on the pe 
uniflow engine. 






Degrees of Rapertont, Fahr. 


14.3 





ee ernmye oo = Seem pe 
B10 me a1|Poppe Valve 200 3,p.m. 134 Ib initial phessu 


Simmice 
| te 
a 
| a 
Hees. 
i] | & oe 


Rm 


TABLE 61 
we OF AN EXPERIMENTAL QUADRUPLE-EXPANSION PISTON ENGINE WITH 
peiriAl ®MPERATURES, SUPERHEAT, AND INTERMEDIATE SUPERHEATING 


(Zeit. d. Ver. deut. Ingr., July 2, 1921, p. 718) 
ee 


H.P. Cyl. | I.P. Cyl. | LP. Cyl. | L.P. Cyl. 
(1) (2) 





& 





8. 




































S 


Pounds Steam per I. Hp-Hr. 
& 




















Mu 
I s''s {V7 235.0 ses Ree 5.3 9.5 11.2 26.8 
started Sheu a 15.7 15.7 23.6 23 .6 
NAR e Rs SRO 9° 793.8 | 246.9 57.3 11.3 


60 80 100 «+120 140 «6160 “480 200 3 240 
Indicated Horsepower | ~ 


Fic. 255. Comparative Water Rates of a Corliss and a Poppet I 


Mat dog. fahr..............-+: 815 568 536 436 
HperAbure, Gee; fabri: Re 572 365 212 oie 
BE), .acarn er. clas. aes 301.3 58.9 8.2 4.9 





Rigo Engine © cee renee eee es 35.2 27.7 36.7 47.7 
Bi por | hp-he.. irk Peery” Nee eh 27.3 20.6 15.8 
molt loney per cent iia dese Wok 91 79.8 78.6 80.0 
187. Jacketing. — A few years ago it was common p) 
the walls of the cylinder double and fill the space with 
Lis Peatla Wee ty RLA: 147.4 | Vacuum, in. Hg.. 28.6 
ialor rato, lb, per i.hp-hr... , 5.12 | Combined Rankine 


cyc. eff., per cent | 81.7 






Indicated Horsepower 
180 220 


140 Peat consumption, B.t.u. per 























i ml BGs his cxnorspinpesint vent o> 52 8197 | Combined thermal 

130 eff., per cent 

be | 

Bi | | jation of expansion increase the mean wall temperature, and 
a, | | Hives have a higher ratio of volume to surface. For this reason 
§ pny wor, heavily loaded engines show the least gain from jacket- 
3” Pr iw hos the greatest effect in low-pressure cylinders, since 
3 op 7 we jieens, (omperature gradient, and the ratio by weight of jacket 
é can steam, are large. Tests conducted on triple-expansion engines 












of ascertaining the influence of jacketing show that there is 
the hiih-preasure, very little in the intermediate, but a large 
w-preamure cylinders. Head jackets are usually more effec- 
linder jackets. In this country, jackets are seldom used 
‘tion with triple-expansion counterflow and single-cylinder 
, heonuse better results may be obtained by initial super- 
ival of the steam jacket for amall single-cylinder counter- 


Per Cent, Load on Engine 


Fia. 256. Influence of Superheat on the Water Rate of a ‘ein, 
“Tdeal ”’ Corliss Engine. 


pressure, In some designs the cylinder heads were 
funetion of the jacket is to reduce cylinder condensat 
reducing the surface losses. With certain types of 














































flow engines has been stimulated by the Prosser “ High-econom 
in which the cylinder, heads, piston, ports, and valve chest 4 
with live steam. Figure 257 shows a longitudinal and Fig, 


Wwlore delivering it to the cylinder immediately following, with a 
yeducing the losses occasioned by cylinder condensation. The 
Wipplied with live steam under boiler pressure and may serve to 
4 portion of the moisture or to actually superheat the steam 
io the following cylinder. The question of the propriety of using 
for saturated steam is an open one, since reliable data relative 


TOL TS li 
ZO iy, we are meager and discordant. The conditions under which 
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a N N N N i 1. BEB ERE an Experimental Prosser Engine 
FOSS IW Ss Ra RE Size 15 by 16 
( meer nin . Initial Pressure, 137.1 Lb, per Sq. In, Gage 
7 — v ye . y cto ibeahae Sick ‘ 
DI SIV MM Sstursted Steam 
Ss : BOON 
N boot 
\ SSSS Tr wes a 
aS SSS SSS | 
Syayyaiiaiia 
ae Cnet 
VA ble WAKE EN eS ' 
eaicy kao ON ai 60 100 150 200 
j Indicated Horsepower 
Fig. 257. Longitudinal Section through Cylinder of Pi Fia. 259. 
“ High-economy ”’ Engine. 

‘i h a th lind § th; . feeorded tests were made are too diverse to warrant definite 
na ri ion . rough t F ie * er 0 t wc Two Home show an appreciable gain in economy, others a de- 
ight piston valves control the a piece and the exhaust, __ A yoheater is of little value in improving the thermodynamic 

d hy a a the engine, and is probably a loss unless it produces a superheat 
‘ie . a a c Fe Cope W) dog. fahr.; to be fully effective it should superheat above 
ers but Htule tt0ms iy. (L. 8. Marks, Trans. A.S.M.E., 25-500.) ‘The effective- 


ance high-speed auton 
Some idea of the excep 
of this design may be | 
the curves in Fig, 2607 
plotted from tests 
Purdue University on at 
engine which was far 
mechanically corredet, 
on commercial units 
Chandler and Taylor © 
Fie. 258. Prosser “ High-economy ” much better results, 

Engine — Transverse Section through : 

Cylinder. surpassing the perform 

engines of the same 

and for the same steam conditions. For influence of 
water rate of uniflow engines, see Fig. 262. 

188. Receiver Reheaters: Intermediate Reheating, 
between the cylinders of multi-expansion engines are 
with heating coils, the function of which is to supe 


whoater will evidently be increased by the removal of the 
‘ion of the moisture from the exhaust steam before it enters 
» -In the 5500-hp. engine at the Waterside Station in New 
ss shown that both jackets and reheaters, either together or 
practically valueless, throughout the working range of load. 
ily, 1004, p. 424.) Many similar cases may be cited which 
4 ly economy with the use of the reheaters. In all cases the 
eie a great reduction in the condensation in the low-pressure 
Tul the resulting gain, considering the condensation in the 
ls, way be little, if any. On the other hand, with properly 
| pelhowtera, the gain may be considerable, particularly with 
steam. Practically all European engines operating with 
ented steam are equipped with receiver-reheaters. Some 
pseeptional economy effected with high initial pressure and 
Wiperheating may be gained from the data in Tables 61 
values in Table 62 are based upon tests of a 11.1-in. and 
tor by 284-in, stroke tandem-compound experimental 
. Ver, deut, Ingr., July 2, 1921), As pressures advance, 
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408 STEAM POWER PLANT ENGINEERING 

the reheating cycle becomes more advantageous, as is evid lily and costly size of a single unit. For constant loads, as 

latest steam-turbine projects in which initial pressures of siations and large marine installations, three and four stages 

sq. in. are contemplated with reheating between the high- a ihe best investment. The ratio of expansion for a multi- 
; sure units. In the locomobile types of engine plant, the Prine is the ratio of the volume at release in the low-pressure 
f reheating is effected by heating coils placed in the path of Pyt-oll in the high-pressure cylinder. Commercially, it is usually 
: gases, and, in the latest steam-turbine plant, superheaters 0! thw ratio of the volume of large to small cylinder divided by 
i type are to be employed for reheating purposes. af the stroke at cut-off in the high-pressure cylinder. For 
In triple-expansion pumping engines, receiver-reheaters eempound engine with cylinders 24-in., 48-in. by 48-in., cut- 
4 effect an appreciable gain in economy, and practically all § } 4 \) the high-pressure cylinder, has a nominal ratio of expan- 

are equipped with them. In electric power plants where }/\ = 12. The number of expansions at rated load in multi-- 
a widely fluctuating one, the reheater has been virtually Poilenwing engines varies widely, ranging from 10 to 33, with 
Apart from the consideration of fuel economy, all tests she pet far from 16. 


increase in the indicated power of the low-pressure cylinder { 
cent) and to that extent it increases the capacity of the 

189. Compounding. —If the entire expansion, insten¢ 
effected in a single cylinder, is allowed to take place in two oF 
ders, the engine is said to be “ compounded.” The term “ 
without qualification, however, refers only to the two-cylim 
ment. If expansion takes place in three stages the engine is 
triple-expansion engine; similarly, the four-stage machine 
quadruple-expansion engine. When high-pressure steam i 
into a single engine of the ordinary double-flow type and i 
carried down to a comparatively low point, a large portion 
by the metal surfaces; at the end of the stroke and during @ 
of the water is re-evaporated, but the steam so formed 
without doing useful work. If the same weight of steam 
through the same pressure range in a multi-expansion eng 
perature range in each cylinder will be less, initial conden 
reduced, and part of the heat lost in the first cylinder by I 
clearance will do work in the second cylinder, and so on 
stage. The higher the temperature range the more prone 
the thermal economy effected by compounding. The num 
is limited commercially because of the first cost, complexity, 
cation, attendance, and maintenance. 

Cylinder ratios for high-speed, single-valve, compound 
from about 1 to 2 1/2 with 100 lb. pressure to about | to 8 with 
of 150 lb., and for low-speed condensing engines from 1 to # 
pressure to about 1 to 4 with a pressure of 175 lb, G. LR 
mends a ratio as high as 1 to 7, and a number of engines dé 
this line have shown exceptional economy. For variableele 
two stages appear to give the best ultimate economy, 
large condensing engines, the last stage consists of two oy 


TABLE 62 


WU) WNGINE, OPERATING WITH SUPERHEATED STEAM AND INTER- 
PPPPHUHATING, WITH LARGE RATIO OF EXPANSION IN L.P. CYLINDER 


yt 





Pinte of Toat 


|) 
jienure, h.p. cyl, ‘LoS echo: 
phewauure, Lp. cyl., ‘Ib. 
wwer, h p. oyl.. iG ateiys te 
mwer, lp. oyl.. 
hhareepower, Sr ee ee a 
Mesure, Ib, abs...........-- 
te |. oyl., lb. abs.......... 
mf imercury.. 
Siiperature, de oe. ‘fahr.. wi 
mi, lp wyl., deg. fahr..... 
Pe, Lp, eyl,, deg. fahr.. 
Biman: onaumpt ion, lb.. 
lan por ihp-hr..........--- 
He iiyplion per i.hp-hr., B.t.u.. 
weney, lip. eyl,, percent...... 
bey, |p, oyl., per cent....... 
ney of engine, per cent...... 


t 
i 
\ 





jive advantages and disadvantages of compounding may be 
fallown: 


ANVANTACHA DISADVANTAGES 

Wf high range of expansion, 1. Increased first cost due to multipli- 
cation of parts. 

. Increased bulk. 

. Increased complexity. 

. Increased wear and tear, 

. Inereased radiation loss. 


lier condensation, 

whoo and leakage losses. 
b effort, 

wy ih eleam con. 


ofwonw 
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190. Uniflow Cylinders. — By placing the exhaust ports lly dry. The heat of compression is therefore not absorbed in 
the length of the cylinder, as shown in Fig. 260, the steam w i} {ine moisture as in the case of the counterflow cylinder, but is 
to flow through the cylinder in one direction only. Combining i» the steam, so that with the added heat from the heat jacket 
with high-grade steam-tight inlet valves, minimum clearance eeeor line. is substantially adiabatic. This reduction of the 
steam-jacketed heads, we have the principle characteristics of Ieee enables a single uniflow cylinder to operate with as high a 
uniflow engine, which, because of its remarkable heat economy, H Pkpansion as compound or triple expansion counterflow cylinders, 

supplanting the ie same or even better heat economy. See Fig. 261. Head. 
es type for practically easential under all conditions of steam, but cylinder jackets 
of service where low { wed except with saturated or slightly superheated steam at 
are important facto effective pressures. The influence of cylinder jackets on the 
be seen from Fig. s of a condensing uniflow engine at varying steam tempera- 


double-acting st 
engine has two & 
one at each end for 
of steam only, and 
valves, the piston itae 
ing this function. The piston is long, practically 9/10 of © 
and the cylinder therefore is longer than that of a coun 
of the same diameter and stroke. The exhaust ports hi 
approximately three times that of any other type of engi 
wire drawing is reduced to a minimum. Steam enters 
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28.6 x 31,5 in. Uniflow 
Initial Pressure, 135 Lb, Ab 
Vacuum, 27.4 In, 
Speed, 155 R.p.m. 
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Fia. 260. Principles of the Uniflow Cylinder. 
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26 30 34 38 
Mean Effective Pressure, Lb. per Sq. In. 


Tillwenee of Cylinder Jackets on the Water Rate of a Uniflow Engine 
with Varying Superheat. 
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Uniflow Compound Counterflow 
Fic. 261. Comparison of Indicator Cards for the Same Load & 


Steam Conditions. 








wi in Mig, 262. It will be seen that the value of the cylinder 
oa with the increase in superheat and mean effective pres- 
eitually results in an actual heat loss. 

jewilon in the straight uniflow cylinder begins at about 10 
«| eontinues during the remaining 90 per cent of the return 


after it has passed through the head jacket, forces the piston é 
heyinning of compression is fixed and cannot be altered. 


of its stroke, and discharges through the central exhaust pe 


the jacketing effect there is little or no change of tempe ‘ive depends therefore entirely upon the amount of clearance 
cylinder up to cut-off, after which expansion takes place with & which the steam is compressed and the pressure at the begin- 
drop in temperature. This drop in temperature continues jyremsion, Tor maximum economy, compression should be 


Peelioally initial pressure; therefore, an engine designed for 
“ure would not operate satisfactorily if the pressure were re- 

i, for the reason that the amount of compression is constant 
Jeavance volume and exhaust pressure, The straight uniflow 
wrily intended for condensing service, because the weight 


takes place. The exhaust does not sweep over the eylind 
other surfaces at the inlet end as in the counterflow engine 
surfaces are not cooled to the same extent, When the p 
the ports, any water of condensation is quickly swept 
and the steam trapped in the cylinder at the beginning of th 
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of steam entrapped at the beginning of compression at lo yr Nogines: Jour. Frank. Inst., June, 1903; Elec. World and Engrg. Aug. 
pressure is so small that the final pressure at the end of cop Hier, U.S., Aug. 1, 1903; Sibley Jour. of Engrg., March, 1902. 

less than the initial, even with minimum practical clearane 4 Aang cig eee 3, eat p. 167. Power Plant Engrg., 
however, the uniflow engine is required to operate non-conden ee oh. Snes to 

high back pressure, the pressure at the end of compression becor 
ive unless provision is made for preventing it from doing 
ive compression may be prevented by increasing the clearg 
delaying the beginning of compression through the use of auxili 
and by withdrawing a portion of the steam when a certain p 


sApood Single-valve Simple Engines. — This style of engine is 
yurying from 10 to 500 hp. The cylinder dimensions vary 
hy Sein. to 24-in. by 24-in. and the rotative speed from 400 
Wi, 
Pind is limited or costly and a large percentage of the exhaust 
pressure is reached. Applications of these principles to weury for heating or manufacturing purposes, the high-speed 
of American uniflow engines, together with performance ¢ i ongine is suitable for horsepowers of 200 or less, being 
found in paragraph 197. r Hiiple in construction and operation, and low in first cost. For 
191. Binary Vapors. — The efficiency of any heat engi thwn this, the compound or uniflow engine may prove a better 
increased by extending the range of heat availability of , #seept where fuel is very cheap or large quantities of exhaust 
fluid. In practice, the range is limited by the press 1) be used for manufacturing purposes during the greater part 
relationship of the working fluid. For each fluid there is a pr 
temperature range beyond which it is impractical to go, bee 
physicial limitations of the materials employed in generating } 
higher level, and of the physical properties of the working fh 


. 

liapoed engines are seldom operated condensing, since the 
t) feduction of back pressure is more than offset by the extra 
Midenser and appurtenances. 


ing media at the lower level. Mercury, for example, boils ive ordinarily rated at about 75 per cent of their maximum 
pheric pressure at 677 deg. fahr., and under a vacuum of 28 Pw example, a 12-in. by 12-in. non-condensing engine running 
deg. fahr. The corresponding temperatures for water are 21 #, with initial steam pressure of 80 lb. per sq. in. gage is nor- 


and 101 deg. fahr. respectively, and for methyl alcohol 161 i 70 hp., though it is capable of developing 90 hp. at the 


and 50 deg. fahr. respectively. By employing, say, three @ 
operating through a complete cycle with a different fluid, and i) consumption of high-speed single-valve non-condensing 
in such a manner that the condenser for the first fluid is the} i" full load ranges from 26 to 50 lb. per i-hp-hr., depending upon 
second, and so on, high thermal efficiencies may be effected Hf te wit and the conditions of operation. An average for good 
paratively low pressure ranges. The earliest attempts were ) tot far from 30 Ib. With superheated steam a steam con- 
steam as the high-temperature fluid and ether or sulphur ¢ # low aa 18 lb, per hp-hr. has been recorded. 


low-temperature fluid. While remarkable results were ob )} shows the steam consumption of a number of single-valve 
this combination compared with those of the steam engine fines at various loads. The steam consumption is fairly 
they were no better than the performance of the moder Tio 80 per cent of the rated load to 25 per cent overload, but 
uniflow engine. Binary vapor engines of this class are louie the economy drops off rapidly. The desirability of 
modern practice, because the added complexity of the plant the engine near its rated load is at once apparent. The curves 
first cost offset any thermal gain except possibly in con Wher! economy in favor of the larger cylinders, but the engines 
poorest design of steam engine. tie mame make, and the conditions of operation are somewhat 


An experimental binary-vapor plant, designed by W. L, b 
which mercury is used for the high-temperature and steam f Hf economical cut-off for a simple engine, for the steam condi- 
temperature stage, gives promise of high commercial heat ly employed, is about one-third to one-fourth stroke when 
sufficient data are not available to show whether or not mdenaing, and about one-sixth when running condensing. 
unit can compete successfully with the modern single-vape \ higher performances are recorded for well-designed high- 

i alve engines, it is not advisable to count on a better satura- 
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Miwumption for this type than 30 to 35 lb. of steam per i.hp-hr. 





























jemure of 100 Ib. gage or less. 
Hyen in lig. 264 give the performance of a modern, high-grade, 
|, I)-in. by 14-in. high-speed, single-valve, simple, non-con- 
© m ; Pie at various ratings. It is not likely that this type and 
Zloxto alo wpal, 13m tie oan be designed to better materially the results shown in 
2 — fur the given conditions. 
tl, when the requirements for exhaust steam are in excess of the 
4 wiplion of a simple non-condensing engine, a high-grade econom- 
& ¥ 1) without purpose. 
lo, 00 RPM, YS-EL speed Multi-valve Simple Engines. — The steam distribution 
Pi Rea Yin x12] 250|R.P/M., 1.9.0, 98 ‘valve engine may give good economy for a very small 
1 Pl pt P25 RPM, ll but may be far from satisfactory for a wide range. 
2b P.M. T.S.P. 100 fenmarily be so, since admission, cut-off, release, and com- 
—PoRPMA 1 slp.ide oF all functions of one valve, and any change in one results in a 
the others. To obviate the limitations of the single valve, 
rn os “a tn (lenin engines with two or more valves. With a two-valve 
Per Cent of Rated Liad p Pot is independent of the other events, and with four valves all 
Fig. 263. Typical Economy Curves of High-speed Single-valve No Hilependently adjustable. In addition to the flexibility of the 
Engines. Saturated Steam. , the chief feature of the four-valve engine lies in the reduction of 
® yolume, which is made possible by placing the valves directly 
pris, ‘The valves may be of the common slide-valve, or of the 
- , Aw a class, four-valve engines are more economical than 
f Meshaniee So i  wmaller number of valves. The advantages and dis- 
PERFORMANCE CURVES if the four-valve over the single-valve engines may be tabu- 
SIMPLE pape ca ES teh | ENGINE “nw 
Initial Pressure, 100 Lb, Gauge 
Berurated Stents ae ANT AUD DISADVANTAGES 
tacg SBD be — i) dietribution. 1. Increased number of parts. 
gas se —\— lation 2. Increased first cost. ' 
aS >» —j—-|- pharanee volume, 3. Requires greater attention. 
ae Se leakage 
—f{—+| yeennny 
2. nh, SoS . 
sS AS Lb. ther Br. Hp. t 
ps “Hee tse ; #) ConMumption of a high-speed Corliss non-condensing engine 
oe ite virion from 21 to 27 lb. of saturated steam per i.hp-hr. (pres- 
BED, por LICE. (por Mince siti | 1 1), wage) with an average not far from 25 1b. With moderate 
— — — - the water rate may run as low as 17 Ib. per ihp-hr. The 
“Tale {ype appears to be more economical in steam consumption 
% 50 15 100 195 ties, and a water rate for saturated steam as low as 18.9 Ib. 
1 8% §«©80 ~©= 40 oe as 0 100 AN lie heen recorded. A very high degree of superheat can be 
Per qrey OY Sains EnGomed. tend joppetevalve type, and water rates as low as 16 lb. per 
Fia, 204, premmure 150 Ih, gage, superheat, 250 deg. fahr.) are not 
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unusual. The high-speed four-valve engine is usually operat 
densing. Rankine cycle efficiencies over 80 per cent have bee 
with both saturated and superheated steam. An exceptional This does not signify that 125 Ib. is the limiting pressure 
condensing unit is reported by Lentz. With steam at 461 Ib. Winding; on the contrary, compound condensing engines with 
pressure and steam temperature of 1018 deg. fahr., a 100-hp, i ures as low 


‘ives and large ratios of expansion, and consequently this type 
wed not be considered for pressures lower than 125 lb. per sq. 










































































f : 0 
7 jacketed sit 1 have shown * 
eh Sh ree Comparative Economy developed an Hi) economy = 4 
of a . . ina . Relative Econom: 
e (A) Single Valve High Speed horsepower t le engines of # MMS LLY 
a (B) Four Valve High Speed consumption Mipacity, but & 50 n-Condensing High Speed 
s oie Reeves Seaple (A) per hr. val gain: for of 6 Engine 
; 70 16 x 16 Fleming Simple (B) Figure ji emaures is 3 40 
a Same steam conditions comparison te than offset 3 
60 . 
E single-valve harges and ™ 
n * 
car valve (Cor Waloonsider- 
3 high-speed moral, com- 2 40 6 80 100 120 140 160 180 
3° saturated Horennes the . Jona, Brake epee 
- though Fia. 266. Comparison of a Simple and Compound 
Prot ou wy al rated Single-valve Engine 
arte] differ sligh i) to 25 per 
010203040 50 60 70 80 90.100 110 120 190 140 the conditio , wnat ‘ 
Per Cent of Rated Load ti Hieooncl nsing engines and from 15 to 40 per cent for con- 
Fia. 265. lon were Yielien, Compound engines range in size from the 100-hp. 
and the n Hiuleevalve, automatic, high-speed, non-condensing unit to 


economy of the latter over the former is apparent. Both p 
are exceptional, and a 10 to 15 per cent greater steam co 
be expected in average good practice. 

As a general rule, single-valve simple engines do not exe 
size, whereas 1000 hp. is not an uncommon size for the mul 

194. Medium and Low-speed Multi-valve Simple Engin,’ 
parison of tests of high- and low-speed single-valve engines 
of design and construction shows the former as a class to be 
than the latter. With four-valve engines there is no such dif 
the high-speed type has shown just as good economy as the lowe 

Of the various types of simple, low- or medium-speed, f@ 


, #/OHHecoOmpound condensing units of 4000 hp. or more. Com- 
pound engines have 
been built up to 10,000 
hp. rated capacity, but 
the steam turbine has 
practically superseded 
the piston engine for 

sizes larger than 2000 

hp. for electric power 

: te generation. Non-con- 
4) We Wo WO” B00 1000 1100 1200 1300 1400 ensing high-grade com- 





4 ] ry 
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gines, the poppet-valve appears to be the more economical fi pammenias Ripnompower } pound engines of the full 
sumption, but so much depends upon the grade of worl pepe & Cross-compound Engine — poppet-valve type, with 
: " Seenaing va, Non-condensing. Pe; 


general comparisons are apt to lead to error. A comparison Of 
consumption of a high-speed, four-valve Corliss and a fou 
engine, non-condensing, is shown in Fig. 255. As the wine 
pressure are somewhat in favor of the poppet-valve meg 
results are not strictly comparable, but the exceptional 
types is apparent from the curves. 

195. Compound Engines. —It should be borne in 
principal object: of compounding is to permit the ad 


superheated steam, and 
iwine ave more economical in steam consumption than non- 
steam (urbines of the same capacity; but first cost, size, and 
ave decidedly in favor of the turbine, at least for sizes over 
iw rolative speed and reversibility, however, are points in 
evuine, but the former may be offset by the turbine in con- 
Hiltable reduction gearing. 

| steam under the conditions found in general practice, 
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of the exceptional performances of vertical triple-expansion 


the water rate of the standard type of single-valve compouw Bhgincs may be gained from the data in Table 63. 


densing engine ranges from 22 to 27 Ib. per i.hp-hr. at rated | 
this type of engine as ordinarily constructed permits of only | 





f TABLE 63 
amount of superheat, the water rate with superheated steam 
* . , PHNPORMANCE OF TYPICAL TRIPLE-EXPANSION PUMPING ENGINES 
less than 20 Ib. per ihp-hr. Condensing under a standard 
26 in. reduces the water rate approximately 20 per cent. ciated | taitiat | tnitial | pap alice an | ght: 
. . , apacity er ‘ou- er m 
The four-valve, compound, non-condensing engine has a full typo Location Millions Gage | Super | “sand Lb. | Million| _ per 


rate, with saturated steam, ranging from 17 to 22 lb. per i h 
with superheated steam an economy as low as 12 lb. per ihp 


of Steam | B.t.u.| I.H 
Gallons | Sue | Fahr. Hr. 








recorded. Rankine cycle efficiencies as high as 83 per cent fe AN ibys Wis. a ose . HR 
in oston ass. é at. es 
steam and 90 per cent for superheated steam, have been res Allis | St. Louis, Mo. 20 (140.6 | Sat. | 1813 
So much depends upon the initial pressure, degree of vacuup a> Eton ae: aa ek an et 
: * ‘rankfort, Pa. : at. ‘ 
temperature that general figures for condensing practice are W lly | Louisville’ Ky.| 24 |155:1] 109 | 195°0 
pose. With saturated steam the best performances are in all) Cleveland, 2, 49 199.3 = 201.6 
2 : . nily St. Louis 0. 159.4 202.6 
hood of 75 per cent of the theoretical Rankine cycle offic Al me Cleveland, 0, 20 |206:3| 130 | 211.5 
with highly superheated steam, 85 per cent of the Rankine ¢ { 





has been realized. 
196. Triple- and Quadruple-Expansion Engines. — With 1 








Water 


4 ‘ ° : Net Head 
of the vertical triple-expansion pumping engine, compe 4 — Actually Rumped | Indicated | Water Thema | 
new . ATH 
having more than two stages are obsolete so far as Amer Millions Linper Sa. | power ats ifficiency 
° . \ 1 HF n. 
is concerned. There is no question but that multi-cylindef Gal. 24 Hr. 


engines can be built which will give better water rates 


cylinder design, in fact, the highest efficiency so far recor HI 34 oak aa 
steam prime mover is that of a small Schmidt experimental we | 16.5 839.6 20.92 
expansion engine; but heat economy is only one of the fae oily n't Lr Bane 
into the total cost of energy. The more cylinders, the | wily | 24.0 879.4 22.54 
unit, the more complex the mechanism, and the higher the a 00°0 10/49 3140" 
cost of maintenance. For electric power generation, the Allie(,| 21.0 1343.0 24.27 





has superseded the piston engine for large sizes, and the 
uniflow and the two-cylinder compound counterflow have tilt 
of the multi-cylinder compound for units under 4000 hp 

vertical triple-expansion pumping engine has held first p 
five years as the ideal pumping engine for large water we { 
its high heat economy, reliability, and low upkeep, it ja | 
replaced by the turbine-driven, geared, centrifugal pump 
occupies a cubical space of approximately one-fifth to 
the former and weighs about one-tenth as much for the 





* Water Horsepower Basis. T Feet. 


Vallipw Engine. — The uniflow engine is rapidly replacing 
ii! single-cylinder counterflow engine and also the compound 
#h) ly economical in steam consumption over a narrow range of 
fu! otherwise undesirable on account of the comparatively large 
floor apace that is required for its installation. This type of 
jf \nelf Lo the large majority of conditions under which counter- 


t of equipment, buildings, and found ire used, condensing and non-condensing, high or moderate 
pe ews he val pain me ] * of the real J) steam pressures with or without superheat, high or low 
pot Sa Seve paging with inte hwlied or direct connected, Uniflow engines are especially 

ig fl pressures an r ed 


for driving rolling mills, blowing engines, textile mills, and 


adetevorwele $0 the multi cylingss semapone See (#, in addition to electric generators where an economical 


that more than two cylinders will be employed in the bm 
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} to 600 hp., and twin-cylinder units up to 1200 hp. The inlet 
of (he resilient double-seated poppet-valve type, actuated by a 
wear. The latter consists of a roller and cam driven by an 
hh lay shaft. 
MW releasing 
Hii pression 
Vain fails 
hy two arti- 
i valves, 
) Wuxiliary 
MA, One at 

he vylinder. 
are wuto- 
filed by a 
Whieh in con- 


fondenser 


and reliable type of prime mover of moderate size is desired. 4 
engine contains considerable more material than a simple © 

of the same power; the cylinder must be larger in diameter 
low mean effective pressure, and longer because of the extr 
piston. Furthermore, for best economy, initial pressures ami 
tures are considerably higher than those commonly used with t 
single-cylinder counterflow engine; hence the first cost is 15 to” 
greater. The steam consumption, however, is lower than 
type of single-cylinder counterflow engine and equal to or 
than that of the best compound. The water-rate curve 
insuring good economy over a wide range in load. The 
counterflé 
a normal ¢ 
to 30 per 
stroke, wh 


flow has i 








Water Rate, Lb. per I Hp. - Hr, 














Fig. 269. Performance of a Mesta Heavy-duty 


omy and WH the live Uniflow Engine. 

a cut-off The cloar- 

8 to 10 p Hitomatically open when the vacuum drops, and automatically 
since the the vacuum is re-established. By means of this control of 


eine can be changed from condensing to non-condensing, or 
vice versa, without inter- 
rupting the operation of 


permits of 
late as 60 
cent, it is 













vA 7, 
Inlet Exhaust Tnlet 






















as TN ‘ 
Fic. 268. Mesta Heavy-duty Condensing Uniflow heavy ov | { ~ A Zz aa the engine. The heavy 
Engine. be carried LaU! RAN ) pistons are of the full 

sary. Un N a | “floating type;” that is, 

are built with piston, Corliss, or poppet valves, though the gm N LN | they are supported by 
of American designs have poppet valves. N PN the piston rod which is 
In basic principle, all American-built uniflow engines for | N EN | extended as indicated. 
service are identical with the standardized Stumpf design t i PENN j Figure 270 shows a 
in details of governor, cylinder arrangement, and valve const) q ve nny ny y aoe section through the cyl- 





inder of a ‘‘ Universal” 
uniflow engine intended 
primarily for non-con- 
densing service, but 


non-condensing service, however, the cylinders are usually 
auxiliary exhaust valves or other devices, so as to prevent @ 
pression. The use of these valves tends to neutralize the 
uniflow principle, but careful tests have demonstrated that 


ing engines thus equipped show a materially lower water rate w Uhvough Cylinder of a “Universal” which automatically ad- 
counterflow engines. A few well-known designs will be b Uniflow Mngine. justs itself to condensing 
with a view of bringing out the different methods adopted service, and vice versa, 
excessive compression, demand, Tt will be seen from the illustration that in addi- 

Figure 268 shows a section through the cylinder of aM Jaton tnlet valves and central exhaust ports, two auxiliary 


J} hetwoen the cylinder heads and the central port, in such 


uniflow engine, illustrating the true uniflow principle ag 
| HNpronsion will not occur until the piston closes these 


Prof. J. Stumpf. ‘This particular design is constructed in 
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ports. The auxiliary ports are opened and closed by mechs 


Wiilinry exhaust valves remain open during compression, but 
ted single-beat poppet valves, which in turn are controlled 


i) covers the port openings there is no escape of steam. Com- 














































gear dri Ptrolled solely by the location of the auxiliary ports and not 
Sen SSRs rate eccent tw of the auxiliary valves. The clearance volume in this 
20}— re r ewhat larger than if there were no auxilia: ort openin 
18 E26. Sa Exh, pti . . ! _ ots nuit mill ce 2 
i tmos condensit f 
ee ea sae eal haust vali Wifay non-condensing uniflow engine, Fig. 274, the auxiliary 
re & see eee inactive fldeod at the ends of the cylinder. These valves are mechanic- 
E 5 > —Teooktnate tt bei vector] || in operat | wid may be adjusted so that compression will begin at any 
: ee dice | | || a true unit 
= Paterete’ ia Ue Gace 
PTT TT TT ieserescecisrsorts. | |_| ‘The ope 
% % % 1 condensill 
Load, Per Cent foll 
Fie, 271. Water Rate of a 21- by 22-in. “Universal” 98 
Uniflow Engine. enters 









through 
beat inlet valves and is exhausted through the central port in 
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ner as when i i condensing. On the return stroke, part! Ks 
By { yN i 

i; ‘\ | 

is SW ~ N Bs 


pie a 














7) Ames “Controlled-Compression” Uniflow Engine. 


a1 


jeriod during the return stroke. It will be seen that, 

fir etroke of the piston and up to the point when the 

—a hel lowes, the steam cycle is practically that of a counterflow 

‘ty true of all uniflow engines employing auxiliary exhaust 

. Pile of the cylinder, but the reduction in economy on this 
ee me a} y wall ae is evidenced by actual test results. 


® '' Controlled-Compression ” uniflow engine, the auxiliary 


Pile we chown in Fig, 273. The valves are of the double- 
iy" 
Fic. 272, Murray Uniflow - ___> hh non-condensing uniflow engine, Fig. 274, is of the 
ve type in which excessive compression is controlled by 

‘ elearance volume, Steam is expanded from a small 


hwrged through the central exhaust ports in the manner 


is forced through the auxiliary ports into the main exhaust 
piston covers the ports, when compression begins as in any 


an ae 


io 













































428 vA STEAM POWER PLANT ENGINEERING 


ii accounts in a large measure for their adoption in ¢ 
/ practice. ’ 


Selection of Steam Engines: Power, Jan. 16, 1923, p. 96; May 18, 


PROBLEMS 


1. A 40-hp. non-condensing piston engine uses 500 Ib. of saturated 
when running idle and 1600 Ib. per hour when operating at full long 
115 lb. abs. Draw the unit water-rate curve, assuming that the total W 
the “ Willans ” straight-line law. 

2. A 15-inch by 18-inch poppet-valve engine uses 18.8 Ib. ste 


CHAPTER XI 
STEAM TURBINES 


. In 1896 the steam turbine as a practical machine 


rated load, initial pressure 145 lb. abs.; back pressure 0 Ib. gagej ward of. To-day it is the most important prime mover 
per cent; release pressure 4 Ib. gage; mechanical efficiency at rated world, at least insofar as the large central station is con- 
Heauired (on both i-hp. and br.hp. basis): feriain classes of service, such as steel rolling mills, hoist- 
" ma ceomuap ee per Ap-he, : f@ compressors, and small non-condensing electric generat- 
"peo He ign bral jieton engine is usually the better investment, but even 


c. Rankine cycle ratio, t. : : 
J ythpeyapelear # envroached upon by the geared turbine and the variable- 


d. Cylinder efficiency, per cent. 
F . tor driven by turbo-generators. While the piston 
3. The Rank 1 . iw mo 
full load; reryenatieahinry pe 4 ae nigterentt ea z doubt continue to be an important factor in-power genera~ 
° a ' . . . . . 
fahr.; back pressure 16.1 lb. abs. Calculate the full-load water rate, } jactically eliminated from consideration in large central 
4. If the exhaust from the engine in Problem 3 is used for heating yulienl changes have been made in the design of steam 
the full-load water rate, lb. per ihp-hr. chargeable to power. ihe past few years, though high steam pressures and 


5. A simple engine indicates 160 hp. on a dry steam consumption of have necossitated many modifications in structural details. 


initial pressure 130 Ib. 4 
by tied as back Serer tutte GOR on a , (he #team turbine has been developed to a high degree 
rate is reduced to 22 Ib. per i-hp-hr., the load remaining the carn k it vonniderable work of improvement remains to be done 
equipment requires 10 per cent of the steam supplied to the ong esfowuard reliability of operation. Single-cylinder units 
hi age net gain or loss in heat consumption per i.hp-hr, due (@ frueted in various sizes ranging from a small non-con- 
gue Sccsbdains 1a Rpg a from @ heat consulmpaa » ilvive rated at less than 1 hp. to large turbo-alternators 
or a paneene Fdiliosieag a ‘ini od pre tos’ Lhp-hr., i sated capacity. Multi-cylinder units of 70,000 kw. maxi- 
Ib. abs., superheat 350 deg. faa back presen dian, Sa eve boon installed in a number of central stations. 

perfect of the two? gu! design of the steam turbine is fully covered in many 
; Panag aire uniflow engine uses 11.0 Ib. of steam per i.hpeli looks on that subject and no attempt will be made to 
ifs ere ee pat 7) superheat 150 dog. fwhity sof the subject except in a very elementary manner. A 
26 in. up to cdclcksaals ana ret a cent for each 1-in, deo Jove been described in detail, more with the object of 

6 eens Se jrinelples involved than for purposes of design. 


vacuum from 26 to 27, 28 and 28.5 in., respectively, required 
vacuum on the net-heat supplied basis, assuming that the oon 
boiler at a temperature corresponding to the vacuum. 
8. A non-condensing engine uses 22.4 lb. of steam per i.hpeli, 
conditions: Initial pressure, 150 Ib. gage, superheat, 50 dog. fa 
17 Ib. abs. It is proposed to operate this engine condensing 
100 deg. superheat and initial pressure, 125 Ib, gage. If the I 
creased 5 per cent by the reduction in initial prossure, 5 por 
superheat, and decreased 24 per cent by the reduction in back 
water rate under the changed conditions, Increase and ¢ 
ratios referred to Rankine cycle ratio under non-condensing 


iieation of steam turbines is unsatisfactory because of 
of (he various groups, and the following chart is offered 
ile in arranging a few well-known turbines according to 
jv inelplos involved in their operation. 
with the practice of most manufacturers, turbines have 
+ thivoe general classes, (1) impulse, (2) reaction, and (3) 
ee ancl reaction, Strictly speaking, however, all turbines 
lee pon both impulse and reaction for their operation, 
ble Lerma, velocity and pressure, have been proposed, 
420 
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” | Into kinetic energy in each set of nozzles. For each set of 
Single Velocity. {De Laval “ (here is a corresponding rotor. This class of turbine, fre- 
Milled the Rateau type, is substantially a series of single-velocity 
Ker. fliines placed side by side. The steam pressure in each stage 
Terry. tht in the preceding stage. The Kerr and large-sized Curtis 
( Multi-velocity Sturtevant. fepresentative of this group. 
Stage. Curtis. nding both velocity and pressure we have the multi-velocity 
Westinghouse. ‘type of which the Curtis turbine is the best-known example. 
Impulse. Ridgway. ype. — In the reaction type the conversion of potential to 
Single-velocity De Laval. P #y \ukes place in the moving blades as well as in the fixed 
Stage. Large Curtis, : ly & small portion of the heat energy imparts velocity in the 
feed blades or nozzles. The jet issuing from this set of nozzles 
Steam | Multi-velocity { Curtis. lial the first set of moving blades at a velocity substantially 
Turbines. Stage. | Kerr Woving blades, so that it enters them without impulse. The 
{ ; . le are proportioned so that partial expansion takes place 
Reaction. bia | at-Chaer , aid the resulting increase in velocity exerts a reaction upon 
Hlades, The expansion is very gradual and a large number 
Combined | wertinghow, ; fixed and revolving blades are necessary to effect complete 
Impulse and Hieenuse of the small pressure drop in each stage (seldom 
Reaction. : Hh), at any one row of blades), low peripheral velocities are 
Impulse Type. —In the impulse type es were high overall efficiencies. Because of the number of stages 
tionary nozzle or group of nozzles, and the heat gt fleet complete expansion and the excess leakage over the 


to the jet itself. The jet impin | 
g wheel and gives up its kin 

the same on both sides 

drop takes place in one 

a single wheel, the # 


the high-pressure stages, the straight reaction principle is 
Hihines under 1000 kw. rated capacity. The Allis-Chalmers 
tile type. 

Twpulee and Reaction Type. — In this class the high-pressure 
if the impulse type and the low-pressure elements of the 


drop imparts velocity t 
vanes or buckets on & rotatin: 
wheel. The steam pressure 1S 
buckets. If the entire pressure 
the resulting jet is directed against 


with the single-stage single-velocity eee Bis 7 _ ‘The Westinghouse single-cylinder high-pressure condens- 
very high, from 2000 to 4000 ft. per i, ce a 8 high be typloal of this class and is virtually a combination of the 
peripheral velocity of the wheel must ye inde om : Parwonn designs. Several European impulse turbines as 
ft. per sec. The De Laval “ Class A ~ . ae al wil ave fitted with reaction blades adjacent to the nozzles, 
group, is no longer manufactured though a 1 ncle sell Hileney to merge the different fundamental types. 

If the entire pressure drop takes place ms : ‘al 4) |} classified according to the service for which they are 
single wheel is non eV = a tee ee Y elocllal (1) alg 9 aa i ay [A Fei eh con- 

effected by ana weasure, (4) mixed-pressure, (5) bleeder. 

ao gatele at a very high ber 8 ae y oo be classified betters to the direction in which 
from the vanes on the rotor to seni ne re with reference to the rotor, as (a) axial, (b) radial, (c) 
of the available kinetic energy © 


The steam pressure is the same on both sides of in 
Terry single-stage turbine is representative of this group 
Low peripheral velocity and high efficiency me 
sure compounding; that is, expansion takes an a i 
nouslos instead of one nozzle, Only a part 0 


fw alill further classified according to method of driving, 

ected, and (2) geared; or according to the number of 

iy arrangement, as (a) single-cylinder, (b) multi-cylinder, 
nd, and (7) cross-compound, 
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Each of these types, with the exception of the radial-flow, 
later on in the chapter. There are no American turbines ¢ 


flow type. 


{he entering and leaving force or 


P = WV;1/g — (— WV;/9) 


202. General Elementary Theory.— A given weight @ =W(Vit+ Vn) +9 (155) 
a given pressure and temperature occupies a certain known ly impulse turbine, the jet leaves the vanes at zero velocity; 
contains a known amount bs f heat RDOERY» If the steam is y ls vero and the force exerted by the jet on the vane in the 
expand to a lower pressure, It 18 capable of doing a certain aly Ration is 
which, theoretically, will be the same whether the expansion 

P = WV;/g (156) 


in the cylinder of a reciprocating piston engine, a rotary pis 
the nozzles and blades of a steam turbine. Wis, absorbed by the vanes, assuming no losses, is the product 


Let W = rate of flow of the steam, lb. per sec., yal force, P, and peripheral velocity, wu (ft. per sec.), or 


E= energy given up by 1 lb. of steam in expand Ey = Pu= Wu (Vit Ve) +9 (157) 
higher to the lower pressure, ft-lb., 

H, = initial heat content of the steam, B.t.u. per lb, um theoretical efficiency the peripheral velocity must be 

H,, = final heat content of the steam, B.t.u. per lb, af the jet or u = 1/2 V, or u = 1/2 (Vi — V,) if only part 


ls absorbed. Substituting these values for u in equation 


Then the heat drop, or heat available for doing useful luelng, we have 


— H,,) B.t.u. per sec. aay 
If the steam expands from an initial condition H, to a fin E; = W(V1? — V2") + 2g (158) 
the energy E,, available for doing work is ely impulse turbine V, = 0; therefore, the work absorbed 
E, = 777.5 W( Hi — H,), ft-lb. per see, 

In the ideal or perfect piston or rotary engine, all of th : ‘ 
parted to the ee or at and only aa insignifle ion turbine the entire heat drop does not take place in the 
utilized in imparting velocity to the steam itself. inary nozzles, but part occurs in the fixed nozzles and the 
» the moving vanes; that is, the moving vanes are in reality 


If, instead of acting directly on the piston of a reciproil 
engine, the entire expansion takes place in a frictionless | 
equivalent, then the heat drop will impart velocity to the. 
the kinetic energy, E2, developed by the jet will be 


E, = WV.2 + 2g, ft-lb. per sec. 


ulin steam in much the same manner as the fixed vanes or 


», wre the respective inlet and outlet velocities of the moving 
i ilireotion of motion relative to the moving vanes, it can be 
the force, Py, acting on the moving vanes in the direction of 


in which 
bi = -—— tee 
V, = velocity of the jet in the direction of motion ¢ P; = W(t» — %1) + 9 (160) 
it issues from the nozzle, ft. per sec. , Wy, absorbed by the moving vanes is 
Now, if this jet is directed against the blades, vanes, OF By = W(v_? — v2) + 2g (161) 


turbine wheel, the force exerted by the jet against the 
Ib. If the jet leaves the vanes at velocity Vp ft. per mae 
force in the direction of motion of — WV,/g lb. The sign, 
because its direction is opposite to that of V;. The total f 
in Ib., acting on the vanes in the direction of motion 


ly reaction turbine the jet from the stationary nozzles enters 
Yano at the same velocity as the latter, or v, = zero, hence 
hol, M5, is 


Ey = Woy + 29 (162) 





———————— 





. compounding. 
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If the moving vanes are considered as stationary, then fe 
drop i, = Vi and E, = E,. In other ‘words, the work di 


heat drop is the same whether the expansion takes place in 


nozzles. 
But E, = Es; hence from equations (153) and (159) 


777.5 W (Hi — Hy) = WV + 29 


for the various cycles employed are the same as for the 
Ongine. These quantities are defined and analyzed in 
{1 und hence need not be duplicated here. 

{10%8) to (167) are general and are applicable to all turbines 
Wake. 

Nom Turbines: Trans. A.S.M.E., Vol. 33, p. 325, 1911; The Engr., 
} 4, Bureau of Standards, Reprint No. 167, 1911. 


from which 
“ssure, Single-velocity-stage Impulse Turbine. — This 


| type of steam turbine and consists essentially of a 
evolving in a single casing fitted with one or more nozzles. 

lwlely expanded in the nozzle or nozzles (the number de- 
the wive of the turbine) from the initial to the existing back 
the kinetic energy of the jet is absorbed by a single row of 
jnounted on the periphery of the wheel. Since the total 
place in the nozzles, the velocity of the jet is. very high 
1 4000 to 4000 ft. per sec. depending upon the initial and 


V, = 223.7VHi— Ae’ . 


A glance at equation (159) will show that if the entire 
place in a single nozzle or set of nozzles, very high jet vele 
and if a single set of vanes is employed to absorb the ene! 
peripheral velocity of the rotor must also be high. In 
high efficiencies and at the same time relatively low perip 
the turbine may be staged or compounded; that is, (I 
may take place by degrees in a number of nozzles (press 


(2) the kinetic energy of the jet may be absorbed by @& ditions. For maximum efficiency the peripheral velocity 
fixed and moving vanes (velocity compounding), or (3) & et be approximately half the effective velocity of the jet, 
pressure and velocity stages may be employed (presstl J fi, per sec. For the small wheels employed in this type 
compounding). ls equivalent to 20,000 to 40,000 r.p.m. Such rotative 

If there are n pressure stages only, the theoretical hile only for very high-speed apparatus and some sort of 


ls necessary if the turbine is to drive at lower speeds. 
siyiven at speeds less than approximately half that of the 
will loave the vanes with high residual velocity and con- 
will be wasted. While a great many turbines of this 
we they are no longer manufactured primarily because 
Ive apoods. 

" Class A” turbine is the best-known application of the 
Swle-velocity, impulse principle. A section through the 
le shown in Fig. 277. The rotor or wheel consists of a 
ine fitted with a single row of drop-forged steel blades, 


assuming equal heat drops in each stage, is 
V, = 223.7 V(Ai — Ay) +0 


For maximum theoretical efficiency the peripheral velo 
V», is one-half the stage velocity (see equation (182)) \ 
or \ 

V,=Vs+2 


§ 
If there are n’ velocity stages only, then the periph 
maximum theoretical efficiency, Vy’, is 


V’, = Vit Qn’ » liwht floxible shaft. A flexible shaft is employed be- 

Combining equations (163) to (166) and reducing, and Hivally impossible to establish perfect rotative balance 
h ls ‘The flexible shaft permits the wheel to “ gyrate” 
het hehe rhe of wravity instead of being forced to rotate about its 
Vp = Ve Ne ae would be the case if a rigid construction were used. 


stool and encloses the wheel. The nozzles are inserted 
wn in detail in Fig, 278. The blades are made with a 
tod into slots milled in the rim of the wheel. The 
end of the blades are brought into contact with each 
we to form a continuous ring, The governor is of the 
sontvola the speed by throttling the steam supply. 


That is, for the same heat drop and number of stajgem 
velocities may be obtained by velocity compounding 


The heat supplied, heat converted to work, theo 
1 For most purposes it is sufficiently acourate to make 
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Ws particular type of turbine is no longer constructed, the 
theory involved will be discussed at some length because the 
jlo apply to all types of impulse turbines and the fewness of 
Hie of simple analysis. 


The operation of the turbine is as follows: Steam ent 
chest, Fig. 277 and Fig. 278, through the governor valve and | 
to the various adjustable nozzles, varying in number from 1 
ing to the size of turbine. In the earlier types the nozzles 


Wim theoretical power developed by a jet of steam flowing 
4] Hipele is dependent only upon the weight of steam flowing per 
Ul III til the discharge or spouting velocity. Therefore, the higher 


Y 


N velocity for a given rate of flow the greater will be the power 
N Hil (he higher the efficiency. 
N Hii weight of steam discharged through a nozzle of any shape 
; ei) initial pressure is determined by the area of the narrowest 
iy throat. 
It: the maximum velocity at the exit or mouth, for a given rate of 
Val) le should be proportioned so that expansion to the external 


sss 


UY 


pica Which the nozzle delivers shall take place within the nozzle 





































| 4 
u pal jieion in the nozzle is incomplete, sound waves will be pro- 
Y J there will be irregular action and loss of energy. On the other 
iwion in the nozzle is carried below that of the external pres- 
i a Huth, sound waves will be produced with subsequent loss of 
#reater than in the former case. 
Fic. 277. De Laval “Class A” Steam Turbine, i4! snd mathematical investigations indicate that the pres- 


He Powent section of an orifice or the throat of a nozzle through 
is lowing falls to approximately 0.58 of the initial absolute 
}} hemultant velocity of about 1400 to 1500 ft. per sec.) and 
fall |) pressure must take place beyond the narrowest section. 


distributed around the circumference, but, in the later typ 
in groups. As illustrated in Fig. 278, the nozzles are p 
of 20 degrees with the plane of the disc. The steam is 


nozzles to the existing back pressure before it impinges ) premsures greater than 0.58 of the initial (conveniently 
against the blades. After giving up its energy, the steam P A), wuximum exit velocity may be obtained from orifices of 
body of the casing and out through the exhaust opening, — {foi crows section or with sides convergent. For back pres- 

1), \4 of the initial, the nozzle must first converge from inlet 











1 then diverge from throat to mouth in order to obtain maxi- 
Without the divergent portion of the nozzle, the jet will 
: Py! u{lor passing the throat, and its energy will be given up in 
Y of thon that of the original jet. 

‘<- Wheel 7 ’ . . 

SS } shows a section through a theoretically proportioned ex- 
Y b ; ‘ 
Fia. at tgp a De Paste Fe, ‘Tho cross section of the tube at any point n may be 
aval “cc ass ” q A 


Henne of equation 


“Class A” De Laval turbines have been built in ai Ay = WSy + Ve (168) 
17 to 700 hp. The diameter of the wheel varies from 4 in, | 
size to 30 in. in the largest. The speeds vary from 10,0 
largest size to 30,000 r.p.m. in the smallest, correspondin 
velocities of 1310 to 520 ft. per sec, respectively, Tho ' 


by the gearing 10 to 1. 


Wm, ft, 
1) Weight of steam discharged, lb. per sec., 
volume of the steam at pressure Py. 


Ny © Wytln + 0, 
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Hein discharged for various rates of initial and final pressures, 
setion of the tube remaining constant. 

les of most commercial types of steam turbines are made with 
wis ws in Fig. 278, 


in which 
at, = quality of steam at pressure P, after adiabatic ey 


pressure P), 
specific volume of saturated steam at pressure Py 








































































































Un = 
o = volume of 1 lb. of water corresponding to pressure F ly the area at the high “lh leln Meas. 
S determi ‘ 4500 180 
This quantity is very small compared with that of the WW ne ” be a 4000 160 
be neglected. Wy lay out the shape i z 
V, = 223.7V Hi— Ha & a Ler a 
(187) and (168) 9 220 7A+H a. 
By substituting H, = heat content corresponding to f fil are applicable Be § 100 ge 
0.58P; in equations (157) and (168) the area at the throat 1 Wi any quality, wet, 3,4 Quarits-| a be | 
determined. The cross-sectional area for other points in t honted, 3 er E ” “4 oe 
determined in a similar manm lor at the throat 3° 3 32 00'S 
values of H, corresponding Hilated within an ee F 40 HH A g 
pressures. . 7 & & per cent, for oie . it z ¢ 
In case of a perfect now Wf jveswures usually Ki Press, "a 
: represents the heat given UW , by means of ist, 120. 160 = 20 280 
, * — ducing velocity by adiabati¢ i ula. Kinetic Energy of the J@t. Thonsande-of Ftcib. 
Fia. 280. Theoretically Propor- pressure P; to P In the t Fig. 281. Characteristics of a Theoretically 
tioned Expanding Nozzle. eas fe ‘ wy wel steam when Proportioned Expanding Nozzle. 
the frictional resistance of I, 
to increase its dryness fraction, but in doing so it decreases w! = 60a,P; 9? Vz, (171) 


energy the steam is capable of giving up towards increasing 
If y one-hundredths of the heat, H: — H,, is utilized in ¢ 
tional resistance, then the resulting velocity will be 


V = 223.7 V0 — y) (Ai — Hy). 


The quality of the steam after expanding to P, again 
will be higher by an amount 





I, = increase in quality = y(Hi — Hy)/t- 
in which 


r, = heat of vaporization at pressure P,. 





== = ZZ 

















i) Ly, Por Mg, In, Absolute 


of Ori foe 0.0866 Sq. In, = anes 


re Se ae ee ee ee ee ee) ie: 
Hallo PrP RalloePs P 


Vin, 282, Wlow of Steam through Nozzles. 


The curves in Fig. 281, calculated by means of equations ( 
show the relationship between velocity, quality, pre 
energy for all points in a theoretically perfect nozzle ox 
dry steam per sec. from an initial absolute pressure of 
condenser pressure of 1 lb, abs. 

The curves in Fig. 282 are based upon the exp 
and show the effect of a few shapes of nogzles and 1 


lwteam when P, = < 0,58P; 
w' = 0a,P,%? + (1 + 0,00065¢,), (172) 
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fie lo the tube is rounded by any convenient curve. 
of the tube may be roughly approximated by the following 


in which 
-w’ = actual weight of steam discharged, lb. per hr., 
a, = area of the throat, sq. in., 
P, = initial absolute pressure, lb. per sq. in. 
21 = initial quality, 
t, = degree of superheat, deg. fahr. 


L = V 15a, (175) 


ll 


1) between the throat and mouth, in inches, 
Goudie (Steam Turbines) gives the following rule for super ieee throat, square a 
Fish Vin siowa that the cross section of a nozzle, whether circular, 
w' = 18.9 a, V Pin ure, or rectangular (the latter with rounded corners), has 
Hilience on the efficiency, provided the inner surfaces are 
thw ratio of the area at. the throat to that of the mouth is 
wrtioned, The velocity efficiency of a properly proportioned 

Hiraluht sides is about 95 to 97 per cent, corresponding to an 
Tey of 92 to 94 per cent, so that it is not considered worth 
pt to follow the more difficult exact curves. 


in which 
v1 = density of the steam at pressure Pi; other notation 


For back pressures higher than the critical or P, > O,D8F 
mental equation (157) offers the simplest solution. Appre 
for this condition may be obtained by multiplying equatie 
(172) by a factor K 
M4, — lind the smallest cross section of a frictionless, conical, 
gle for expanding 1 Ib. of steam per sec. from an absolute 
of 190 Ib. to an absolute back pressure of 2 lb. and find 
isis cvows sections where the pressures will be 70, 30, 14.7, 8, 
frepoctively. Compare the velocity and energy of the jet 
tiie novsle with those of an actual nozzle in which 10 per 
| energy is lost in friction. 


K = 2.182 Vc(i — 1.19¢), 
in which 
c=1—(P,~+ Pi). 


When a divergent nozzle having an actual area ratio r (5 
+ throat area) is used for steam pressure having a ratio 
area + throat area for pressure ratio P,/P:), a percentage 
error of a value c; = 100(r — R) + 7, which may be i 
is introduced. The following table gives the velocity effid 


Nyon steam and entropy tables we find the values of H, 
lite pressures corresponding to 190, 0.58 X 190 = 110, 70, 
yo, in, as follows (theoretical nozzle): 








probable actual exit velocity to the theoretical velocity for VF HN i * pes 
mouth errors, assuming the correctly proportioned nozzle to Wi 7 
efficiency of 97 per cent. sim 1197.3 1.00 2.406 2.406 
; Be 
Nozzle-mouth error, @..........- 40 -30 -20 -10 0 10 iW ," oe B- ahi e+ 
Velocity efficiency, per cent...... 93.5 94.8 95.9 96.7 97 96.7 00.0 ; 1057.2 0.887 13.75 12.27 
‘ ; , eivi 1011.3 0.857 26.78 22.95 
When the actual expansion ratio of the nozzle is greater ' 7.8 0.834 47 .26 tig 
the nozzle is said to be over-expanded; when smaller, W po Be qa aoe were 





From the preceding table it appears that it is preferable t 
under-expanded than over-expanded. 
Moyer (‘ The Steam Turbine,” 4th Edition, p. 44) statem) 
of the area of a correctly proportioned nozzle at the throw 
at any point a, is very nearly proportional to the ratio of 
point a, to the initial pressure, or 


* /) @ 0,58 P; (= pressure at throat). 


‘ies ov charts are not available, values H, to Hs and 2 to 
Hulaied, (See paragraph 392.) 
Humntities for the theoretical nozzle will be calculated for 
Ty Py 2 lb. per sq. in. abs. 


ai 


FIP 


Hy 
wr ~ 800.3 = 3865 ft. per sec, 


“7, 
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Wf these values may be determined directly from the Mollier or 
wlvopy diagram as described in paragraph 386; in fact, the 
yam has to all intents and purposes supplanted the steam 
Whe connection. For superheated steam the diagram is extremely 
Hyeiding laborious calculations. 

yives a diagrammatic arrangement of the blades in a single- 
val turbine. The nozzle directs the steam against the blades 
velocity V, and at an angle @ with the plane of the wheel XX. 


Es = 778 (H; — Hs) 

= 778 (1197.3 — 899.3) = 232,000 ft-lb. 
As = WS/V = 1 X 1387/3865 = 0.0353 sq. ft. . 
ds = VA(44 & 4)/x = 13.56 V0.0353 = 2.54 in. 
F, = WVs/g = 3865/32.2 = 120 lb. 


THEORETICAL NOZZLE 


; E d 
gio ghia | pageien “it * Wiel ln moving at a velocity of u ft. per sec., the velocity v; of 
Formula (168) Helative to the wheel is the resultant of V; and u. The angle 
aati #, aid XX will be the proper blade angle at entrance. If the 
110 1496 698 
70 1995 702 
30 2650 910 
Pressures 14.7 3053 a 
8 3339 46 
4 3624 92 
2 3865 mint 








In the actual nozzle these values will be modified because 0 
losses. Thus, for P, = 2 lb., 
Vs = 223.7 VI = y) (Hi — He) 
= 223.7 V(1 — 0.1) (1197.3 — 899.3) = 3667 ft. per 
E, = 778 (1 — 0.1) (1197.3 — 899.3) = 208,800 ft-lb. 
' = ag + Ig = x3 + y( Hi — Hs)/ts 





vw = 
= 0.788 + 0.1 (1197.3 — 899.3)/1021 a ia 
= 0.788 + 0.029 = 0.817. WH Velocity Diagram. Ideal Single-pressure, Single-vélocity 
As = W2s'us/Vs = 0.817 X 173.1/3667 = 0.0386 sq. ft. Stage Turbine, 
pay. : akon this angle with the direction of motion of the wheel, 
ds = 2.66 in. lw experienced when the steam enters the blades. For 


F = WV3/g = 3668/32.2 = 114 lb. 


These various factors for all given pressures have been 
similar manner and are as follows: 


i) onstruction the exit angle 6. is made the same as the 
4. Neglecting frictional losses in the blade channels, 
| veloolty will be w = v4, and the resultant of », and wu is 
folly, Vy. The impulse exerted by the jet in striking the 
, wid (te component in the direction of motion is Wo, cos B:/g 
v)/y. Aw the jet leaves the vanes the impulse is —W 


ACTUAL NOZZLE 


Quantities.........+- ' 
{Vy con y + u)/g. 
7 woting on the vanes, or the actual driving impulse, is 
70 Why { Vi cooa—u—[— (V2 cosy + 4)] } (176) 
Pressures } 14.7 W/y % (Vi cos @ + Vo cosy), (177) 
8 , 
‘ NH) tay also be expressed 


Wy * 2(Vi cosa = u). (177a) 
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welleal energy available for doing work is 
x (V2 — V2?) = 1/644 X (3865? — 1740?) = 185,000 


The resultant axial force or end thrust is 
F = W/g X (Vi sina — V2 sin). 
Evidently if a = y and Vi = V2 there will be no end 


V; sina — V2 sin y will be zero. 
The work done is 


pence between 232,000 and 185,000 = 47,000 ft-lb. is evidently 
energy lost in the exhaust due to the exit velocity. 
1ire oxerted by the steam on the buckets is 


W/o & (Vi cos a + Vo cos ¥) 
1/2.2 < (3865 X 0.9397 + 1740 < 0.65166) = 148 Ib. 


Welloal impulse efficiency is 

» V/V 2 = (3865? — 1740°) /3865" = 0.797. 
tloal hp. developed is 

» 186,000/550 = 336. 


| steam consumption per hp-hr. is 
Wi) @ 10.7 Ib. 


Pu = Wu (Vi cos a + V2 cos y)/g 
or, using equation (177a) in place of (176) 
Pu = W/g X 2u (Vi cos a — u) 
= W/g X 2 (uVi cos a — u?). 
By making the first derivative equal to zero 
d 


| F2uvs COs a — vw) | = Vi cosa — 2u =0, 


or 
u=4Vi cosa ‘Tee, — Proceed as in the theoretical case, using the actual 
loolly V, = 3865 V1 — y = 3865 V1 — 0.10 = 3667 ft. per 


of the theoretical value V, = 3865. Lay off V,; = 3667 at an 


That is, for any nozzle angle a the work done, Pu, has its 
degrees as before and combine with u = 1250, Fig. 284. 


when wu = 3V; cosa, or y = 90 degres, whence 


Pu = W/2g X Vi? cos @ 


Uu = 1250 


The work for any initial velocity V; becomes a maximum 
and u=3V;. This condition can only occur for a complete 
jet and zero final velocity. Substituting a = 0 and u = Vi 
(181) and reducing, we have 


Pu = Ey = WV? + 249 





which is necessarily the same as equation (157). 

In the actual turbine the various velocities will be less 
obtained, on account of the frictional resistance in the b 
velocity diagram should be modified accordingly. 


L——— ——— 


: ae oe 


r U = 1250 
4 Velooity Diagram as Modified by Friction Losses. 


Example 39.— Lay out the blades (theoretical and 
nozzle in the preceding example, assuming that the jet im 
the wheel at an angle of 20 degrees and that the periphe 
1250 ft. per sec. Weight of steam flowing, | lb. per see, 


Solution. — Theoretical Case. Lay off V, = 3865 ft, per 
and amount as shown in Fig. 283 and combine it with u = 1 
this gives v;, the relative entrance velocity, as 2725 ft, per 
entrance angle, as 29 degrees. 

off % © v; at an angle ® = 6, and combine with uj 
the ule exit velocity, as 1740 ft, per seo, i 


vt ¥) © 2580 is the velocity of the jet relative to the wheel, 
nee angle 8 is found to be 29.7 degrees. The relative exit 
1) he lows than v, because of the blade friction. 

lowe of energy @ between inlet and exit of the blades to be 
then, since the velocity varies as the square root of the energy, 


yw nv = Co (183) 
2630 V1 — 0.14 = 2846 ft. per sec. 
wbeolute velocity Vy is found from the diagram to be 
jr noo, 
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yee, 4th Ed., J. A. Moyer, John Wiley ‘& Son. 
wa, 2nd Ed., W. J. Goudie, Longmans, Green & Co. 
WY Nelwing Loss in Steam Exhausted from Turbines: Power, Nov. 20, 1923, 


Since the loss of energy in the nozzle is 
Ve —(l—y) VP + 2g, 


i blade 
and that in the we Hlading: Power, (Serial): 
PHielruction, Feb. 5, 1924, p. 200. 
Pilon l'ypes, Feb. 12, 1924, p. 251. 
Hime enction, Feb. 19, 1924, p. 293. 
Venus with Radial and Axial Clearance, Feb. 26, 1924, p. 329. 


wW Nadial- and Azial-flow Turbines. Power, Jan. 8, 1924, p. 50. 


— (1 — $) (vr? + 29), 
the remaining energy, deducting both losses in the nozzle ¢ 
is 
W/2g xX (Vi? od yVi? _ 0) v1? V2?) 
1/64.4 X (3865? — 0.1 X 3865? — 0.14 XK 2530? 
164,200, ft-lb. 


The losses due to windage, leakage past the buckets, i 
friction must be deducted from these figures to give the ad 
available for doing useful work. Assuming a loss of 15 per 
this cause, the work delivered is 


0.85 X 164,200 = 139,570 ft-lb. 
The efficiency in the ideal case was found to be 0.797 and | 


energy 185,000 ft-lb. 
The efficiency, deducting the loss due to friction, ete., is 


139,570 X 0.797 + 185,000 = 0.60. 
Hp = 139,570/550 = 254. 


Steam consumption per hp-hr. is 
3600/254 = 14.2 lb. 

The heat consumption, B.t.u. per hp. per min. is 
14.2(1197.3 — 94)/60 = 260. 


Assuming the r.p.m. to be 10,000, the mean diameter of 
give a peripheral velocity of 1250 ft. per sec. is 


1250 X 60 + 10,000 X 3.14 = 2.39 ft., or 29.6 in, 


spressure, Compound-velocity-stage Impulse Turbine. — In 
Wf \ipulse turbine, the steam is expanded down to the existing 
ye lh & single set of nozzles just as in the single-velocity stage 
{1 46 wltempt is made to absorb the kinetic energy of the jet in 
we through the vanes or buckets on the wheel by maintain- 
H Peripheral velocity. Instead, the blade velocity is fixed at 

Hiieh lower than half the effective velocity of the jet, so that 
the buckets with considerable residual energy. In order to 
low blade velocity and at the same time utilize part of the 
wy, the steam leaving the wheel may be guided by a set of 
jeyerming vanes to another wheel. If the steam leaves the 
Al & high velocity, a third set of reversing and moving vanes 
ye, ‘This procedure may be continued for any number of 
H/i] te wtoam leaves the last row of moving vanes at practically 

_ ‘The same result may be obtained by redirecting the steam 
‘erelnw buckets upon the same wheel which receives the initial 
‘the jet, lor maximum theoretical efficiency, the number of 
jmeemiary for a given blade velocity is equal to the initial 
te velocity divided by twice the blade velocity. Thus, for 
-yeloolty of 4000 ft. per sec., there should be 2, 4 and 8 stages 
‘ties of 1000, 500 and 250 ft. per sec. respectively. In the 
{iene values would be modified because of the frictional 
thw noxvles and blades, windage, leakage and the angles 


The determination of the height and width of vanes, ¢h 
nozzles and blades, etc., are beyond the scope of this work, 
is referred to the accompanying bibliography. 

The ratio of exit to inlet velocity is called the blade or } 
coefficient. The following table gives the values of this coe! 
usual shape of impulse turbine blades. The values include 
tween the nozzle mouth and entrance to the exhaust, ope 
Mechanical Engineers’ Handbook, p. 984.) 


fue Curtis, “Class C” De Laval, single-stage Moore, 
Wer, won-condensing Terry, Westinghouse Impulse, and 
well-known examples of this class of steam turbine. 

shows a section through a De Laval “ Class C ” single- 


Velocity sored yw, velocity-stage, non-condensing turbine illustrating the 
i t. per wreile’ principle, The rotor consists of a single forged- 
Blade velocity 00- 2 ed ti # the periphery with two rows of bronze, monel metal, 


efficient, .....,. 0,053 0,018 0,888 0,863 0,841 0,801 0,774 low, (he material depending upon the initial conditions 
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velocity-stage turbine differs from the “‘ Class C ” De Laval 
» in but a single row of vanes on each disc. The present con- 
Miiwints of two or three single-row wheels, and is intended 
fw driving power plant auxiliaries in sizes from 5 to 600 hp. 
Wielion gearing. 
‘ity diagrams may be constructed in a manner similar to that 
jrewsure stage in the Curtis turbine. 
} wives a general view of a Terry non-condensing turbine 
the single-pressure compound-velocity-stage principle as ap- 
siiwle wheel of the 
Hyjie, Steam is ex- 
i lo the existing 
7) if One or more 
dling upon the size 
m. ‘The resulting 
jot enters the side 
1 lnicket and its 
<q  Benring } Sa yeversed 180 de- 
= r CAA tile aingle reversal 
Seheenn 7 —- ’ Partion of the avail- 
hi A W Ng Hie alonm is caught 
Chasing - ie chamber and 
Wi) to the wheel. 
ts Peponted several 
the wheel and 
ii from a single 
1, there are no 
8 loowe or worn 
yoreing chambers 


of the steam. The blades afe similar in design to those of the 
geared type. The nozzles are of the diverging type and are” 
a removable nozzle plate bolted to the side of the wheel case, 
vanes are of the same design as those on the rotor and are fi 
similar manner to removable steel segments. These segment} 
to the nozzle plate in such a manner that the guide vanes are 

between the two rows of moving vanes. The governor 18 OF 
ugal type, mounted on the main turbine shaft and operatit 
seated balanced valve. Machines suitable for high speeds, 




















} 





Fic. 285. De Laval “Class C” Steam Turbine, — 


Fig. 286. Terry Non-condensing Steam 


ihace of special Turbine. 

high-head centrifugal pumps, centrifugal blowers and ¢Ott ol ave arranged 

small direct-current generators, can be directly connected tii inner surface of the turbine casing, each group being 
through the coupling, but for lower-speed machines it isn 4 separate nozzle. The governor is of the fly-ball 
a reduction gear between the turbine and the driven wil le mounted on one end of the shaft. In the larger 
two-row wheel turbine is intended for small powers only, tre (han one nozzle, the load may also be manually con- 
machines there are several wheels and intermediates depen ii and closing the nozzles. Terry non-condensing tur- 
power requirements, the initial and final steam conditions, ii) 4 number of sizes ranging from 5 to 600 hp. and may be 


peripheral velocity. The governors for the larger machin 
the Jahns type, mounted on a vertical spindle and driven 
shaft through worm gearing, or of the hydraulic relay 
equipped with a safety stop and quick-operating trip 
turbines are available in various sizes up to 1200 hp,” 


ml vr goared, depending upon the speed requirements of the 


#@ Impulse turbine is of the single-pressure compound- 
iying a aingle wheel with one row of vanes and a section 
wary vanes for redirecting the steam onto the rotor, 


ic 
ies, 
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inion in bearings attached to a frame within the housing 
Wy supported from the housing through a short section of 
fwamn. The flexibility of the web of the “I” beam section 
{ « uniform distribution of the pressure throughout the 
the gours. While Westinghouse impulse turbines are equipped 

Alle stop governors which close the throttle if the speed is 10 
wive hormal, additional precaution is taken to prevent rupture 


blance to the Te 
hile the arrangement bears a resem , 
en, passes but twice through the blades on the rotor and | 


t 
equivalent to that of a machine having two rows of rotating: 


i) cave the automatic stop fails to function. This is accom- 
HiPounding the rotor hubs with massive steel rings which will 
Heflection of the shaft within narrow limits and act as a brake. 

#ivrounding the periphery of the rotor accomplish the same 


the wmaller sizes of machines. 


my Small Westinghouse Direct-driven Turbines: Power, Nov. 6, 1923, 


iidepressure, Single-velocity-stage Impulse Turbines (Ra- 


Turbo-Generator — G I( hus been shown that the velocity of the jet issuing 
Fic. 287. Westinghouse Impulse Tur ene 





























varios with the square root of the heat drop. If the entire 
Be ; io of blade velot 4) throttle valve to exhaust opening takes place in a single 
the best, su ighiteg DAK een agian in sizes {hi resultant jet velocity is very high, and in order to realize 
the jet is 0.23. These turbine high-epeed “seevice flieney the peripheral velocity must be approximately half 
fraction to 3000 hp. For ink at for lower-speed dit 1) oy elne the velocity must be compounded as described in the 
connected to the driven machinery, gear is ‘ raph, If, instead of expanding completely in one set of 
shows the gel eal drop is effected step by step through a series of nozzle 
of a geared ti Yelovity will be reduced by an amount equal to the square 
set and lig, tiher of nozzle sets. For example, if H; and H, represent, 
fixed-reduction ' the initial and final heat content of the steam, the jet velocity 
type used for Ppanelon in one set of nozzles is V = 224 VH, — H,. If 
at comparath mi //,, is equally divided among n sets of nozzles the 
When the pit wtiawe will be (H, — H,)/n and the jet velocity will be 
in diameter etl FR As Wy 
of the face I V = 224 V(H, — H,)/n. 
sgt ae \ire-alage machine with single velocity stages can operate 





ffect’ the ie half the speed of a single-pressure-stage machine; a 
affee 


Fig. 288. Westinghouse Reduction Gearing for 


‘or heavier Id tourth speed; a 64-stage at one-eighth speed and so on. 
mot din er and ‘| be enlled to the fact that in simple velocity compound- 
but th sae lint fiihine casing, with the exception of the steam chest, is 
i t the perm 
the face must be increased, bu 


forreaponding to that of the back pressure, whereas in 
‘iim each stage is under a pressure increasing in amount 


fival wtage. The Ridgway is the best-known American 
straight Rateau basis, 


ed i ine in powe 

d is soon reached and further increase m 
casiaents must be provided for by an oe in 
without an increase in diameter. When be 
three diameters, it is the practice of the Westin 
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from the first to the last stage to allow for the increased volume 
i# olfected by reduction in pressure. The governor is of the 
{ype and its operation is as follows: Air pressure, generated 
ial fan, attached to the end of the turbine shaft is trans- 
two light pistons the movement of which is resisted by a spring. 
mid of the stem carrying these 

\ pivoted to one end of a floating CHINN Ug NN 
HPyement of the lever is transmitted ade 

H pilot valve, which in turn admits = i— ns aN 

lo the piston attached to the WL a 

ln valve. The movement of the B B...Wheels 
sem returns the pilot valve to its 
tion, ‘This equalizes the pressure 
Wil bottom of the main piston and 


Figure 289 shows a section through a ten-stage Ridgway 
trating an application of the straight Rateau principle. 
sists of a series of steel discs keyed and shrunk on a rigid sh 
rated from each other by steel collars. A series of bucketsm 
solid bars of a special alloy are secured to the periphery. 
buckets are fastened to the wheels by rivets through their 
the larger ones are driven into slots and peened. The diaph 
taining the nozzles are secured to the casing and arranged so 
separate compartment or cell for each wheel. The casing and 
are split horizontally so that the machine can be readily op 
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CLES 
Wevenent, thereby maintaining a 
Hpening for a given speed. fi 
‘4g, compound-pressure, single 3 
turbine operating non-condens- as 
} initial absolute pressure would 6 290. Prey vi 
NS ° sae. anes an OzZles ldg- 
we . the following conditions: (All ns! . 
iy Graal) G way-Rateau Turbine. 
‘e; > ma DA , tn Wakao losses neglected and final 
Z Vi BND 
by) VERE LAT Z om Peel wiage assumed to be zero.) 
yf CZ SS yy Q KX y 
Q YANN CGS f 
CCI e001 A } H, = 1197.3 B.t.u. per Ib., 


H,, = 1012.5 B.t.u. per lb., 
a hent drop = H, — H, = 1197.8 — 1012.5 = 184.8. 
Hp por wtage = 184.8 + 8 = 23.1. 
du velocity = 224 V23.1 = 1080 ft. per sec. 


















Fic. 289. Ridgway-Rateau High-pressure Steam Turh 


spection. Nozzles of small area are solid castings of special al ( 
Speciht Volume 


and bolted to the diaphragm. In the later stages, where the ; ae Welles th ass’ | Quaten, ees) eae 
are large and extend all the way round the periphery, the b di u. Ft, per Lb. 
the nozzle are cast in place in the diaphragm, The op ie i * af 
turbine is as follows: Steam enters the turbine through th ; 

valve to the steam chest in which is located the first met Wy ' 4 145 97.9 3.04 
Partial expansion takes place through the first set of ne iiuN 0 80 SEO He 
kinetic energy is imparted to the first wheel through the 110 ' 0 bs 02.2 6.77 
buckets or vanes. Steam is discharged from these buckets OAM 7 30 as om 
velocity and is again partially expanded through the second he 0 Pris bo 87. 3 16. 33 


in the second diaphragm. The resulting kinetic energy | t 
the buckets on the second wheel. ‘This process is repeated 

The arrangement of vanes and nozzles is shown in Wg. 

noted that the nozzle arcas and the areas between the 


it at the end of expansion in each stage is obtained by 
‘Tit.u, from the heat content of the preceding stage. The 
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i ity, and specific volume may 
ding pressures, quality, ‘ 
Piers ms Chapter XXII or they may be taken ¢ 


i imi hical charts. q 
‘er diagram and similar grap 
Pais peer turbine, only 50 to 75 per cent of the heat 


lilades is very high in the first stages and gradually de- 
) #leam inlet to exhaust outlet. In pressure compounding, 
Yelocity is practically constant, but the steam pressure is 
terensed from inlet to outlet. Moreover, for a given heat 
















































A small portit will be n velocity stages as against n? pressure stages. 
available is transformed into useful work. nd the be Wivwntage of the low spouting velocity of the pressure type 
gland leakage, radiation, and bearing friction, a mine time decrease the number of stages, both pressure and 


formed from kinetic energy into potential energy by 

plade leakage. The efficiency of each stage bre 
pies i hole, since the increase 1n heat conten 
Tile tor ta formation into useful work in the succes 


y he compounded in the same turbine. Various combina- 


lire and velocity compounding are to be found in the com- 
line, 


: ; r trans , +f He te tho best known and the most widely distributed impulse 
Aen sne ven pressure condition in o00h u me in this country. With the exception of the very small 
losses, it is necessary to correct the Compound. Saami large units, Curtis turbines are of the compound-pressure, 
See “ Energy and Pressure Drop in ts and pall roan Velovity-stage type. The number of pressure stages varies 
E. Cardullo, Proc. A.S.M.E., Feb., 19 A hitects and Ma fil the service for which the turbine is intended and ranges 
C. H. Peabody, Proc. Society of Naval Arc Tatil Exr A winall 10-hp. non-condensing unit, to 23 or more in. a 50,000 
Jane, 1909. Consult also, “J eat i ee of Finding liv condensing turbo-alternator. Ordinarily there are 
0) 


the Mollier Diagram and a Bul. No. 167, 1911, U. fiuen in the first pressure stage and one velocity stage for 


Factor,” by Edgar Buckingham, stawe throughout the rest, of the expansion zone. In the 
Sean terds: vere Hlealwned for mechanical drive, there are two velocity stages 
206. Compound Pressure, pipes : 4 for o ae Pi wtage and in the large turbo-alternators of 20,000 kw. 
pines. — It has been shown that the bucket spee ff ls only one velocity stage for each pressure stage. The 
Hiy should be classified under the ‘“ Compound-pressure, 


Ny eto” heading. All Curtis turbines are of the axial- 
4 horizontally split casing, so that the upper half may 
Nihon off for inspection or for removal of the shaft and 


mall units operate at speeds ranging from 1200 to 5000 
wer epeeds are obtained by the use of reduction gears. 
Hits from 500 to 9000 kw. rated capacity operate at 3600 
} ty 0,000 kw. units at 1800 r.p.m. and single-cylinder 
noni . i \ ‘es | W000 kw. at 1200 r.p.m. 
\ 4 ee ; shows o diagrammatic arrangement of the nozzles and blades 


® Curtia turbine. The action of the steam is as follows: 


froin the steam pipe, it passes through one or more ad- 
Hf into the bowls C. The number of admission valves de- 
Weel and their action is controlled by the governor. From 
i) expands through nozzles D and impinges against the 


ie blades and gives up part of its energy. The steam 
firet row of moving blades is reversed in direction by 
eiary vanes and is redirected against the second set of 
hore it gives up its remaining kinetic energy. From 
i) flowe at reduced pressure through the nozzles, of 


Fra. 201. Assembly of Three-stage Curtis Turbine for M 
may be reduced, without lowering the woe fe. 
valoalty or the pressure, In case of pure poi nd ¢ ( 
gure throughout each stage is constant, bu 
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the second stage, which are sufficient in number and 
the greater area required by increased volume. In expat 
nozzles it acquires new velocity and gives up energy W 
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Fig. 292. Diagrammatic Arrangement of Moving and Stations 
of Curtis Turbines. 


blades as before. This process is repeated through 
stages. 
The rotor consists of 1 to 23 or more steel dises moun 


on a horizontal shaft. In some of the earlier designs, 
: 4 mounted vertit 


construction h 
tinued. Buel 
nickel steel, 
nickel bron#@ 
condition of th 
secured to the 
Fic. 293. Steam-belt Area in Five-stage dovetail-shaped 
Curtis Turbine. snugly in a @ 
section machine 
The tips of the vanes are tenoned and riveted into a shroud 
tionary reversing vanes are secured to the casing a4 
292, Between the revolving wheels is a stationary 
which contains the nozzles through which the steam ia 
preceding stage. In the older designs, forged-ateel 1 ] 
were cast into the steel diaphragms, In the modern 
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Fig. 294. Assembly of 30,000 kw., 1500 R.p.m., 20-stage Curtis Turbine. (Moyer’s “Steam Turbines”) 
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machine, the nozzles in the first 17 stages are of the 
the remaining stages of the older cast construction. In the 
design the supporting spacers, blades and shrouding are @ 
and ground, and are assembled in lengths of about 8 t 


various elements in each 
by copper wire 
and secured in place. 
increases. ‘The parts are 


proximately 1/n of 
number of stages. 


expediency. The nozzles 
periphery 


governor mounted 


larger sizes are controlled 
type. 

Figure 295 gives the 
general details of the main 
governor, Fig. 296 a sec- 
tion through the hydraulic 
cylinder and pilot valve, 
and Fig. 297 through one 
of the admission valves 
of this relay system. Re- 
ferring to Fig. 295, speed 
regulation is accomplished 
by the balance main- 
tained between the centrif- 
ugal force of moving 
weights AA and_ the 
static force exerted by 
spring D. The governor 
is provided with an aux- 
iliary spring / for varyin 


placed alongside the joints and fused in 
The finished sections of blading are slipped into dovetails in t 
It will be seen from Fig. 293 that ¥ 
increase in size in succeeding stages as the pressure falls 


its energy in each pressure stage, ” P 
The number of stages and the num 
each stage are governed by the degree of expansion, the p@ 
which is practical or desirable, 


of the first stage and increase progressively 1 
they extend around the entire wheel in the last stage. 

In the smaller machines the speed is controlled by 
on the end of the main shaft and 
suitable linkage to a single-balanced throttle-valve, 
actuates a throttling valve of the balanced poppetev 


g its speed when synchron 
which is varied by a small pilot motor controlled 
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STEAM TURBINES 


veil ‘ ee ic 
ii of the governor weight is transmitted through rod D to 


hy means of the latter to floating lever L, Fig. 296. 
time lover is pivoted on a clamp attached to the pilot valve 

other end of the lever is connected by links to the piston 
Hporat ing cylinder. A movement of governor arm displaces 
Welone of the pilot valve from their normal location in which 
the ports of the cylinder. This displacement causes oil to be 

the cylinder and the pressure of the oil operates the main 
iston rod opens and closes the controlling valves through 
{ 

4 


Te Male Operating 
Uevernor 


section are welded. into a 


so proportioned that the stea 


and by various conditions 
extend around a relatively 


a" 
\ 
iP hy 
‘a | 


by an indirect or relay system 








“S$ 
im ‘ 
. H en_forn Los 2 ) 

em 

caso Of] G 

c 
a Ds i 
i if jhily of Llydraulic Fia. 297. Admission Valve 
vn tle Control. 
the com shaft, and at the same time transmits its motion 


link eyetom to the end of the floating lever and thus brin, 
tk lo its normal position. Each position of the lpbeciie 
Hofinite position of the piston in the operating cylinder sat 
the opening of a definite number of controlling valves. In 
© nila up to 20,000 k w., these controlling valves are of the 
jm, # shown in Fig. 297, and vary in number from two to 
“a (he size of the turbine and the load conditions. In 

raining from 20,000 to 50,000 kw., there are but t 

of the balanced throttle type, Fig. 298. One of Pcl 
#) for normal operation and the other for overload service 
stoam to the high-pressure stage nozzles and the second 


Fia. 295. Main Operating 
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The emergency governor, or automatic stop, consists of 
300), uneven 
attached to 


ih the agency of a hand-controlled valve, and the added 
wil causes the mechanism to assume an eccentric position 
Hell overspeed of the turbine is reached. This trips the 


with the sha i« before. As soon as the oil supply is shut off, the oil 
mal _ speeds f exeapes through ports P 
unbalanced 


thie ring again becomes bal- 
apving. 

hearings of the turbine and 
hy Uivunt bearing, the flexible 
{ie governor, and spiral 
fated, and the hydraulic 


centric with 
helical springs 
speed increases 
above normifil, 

+ 
ugal force of # 


ae 





_ portion of the  tperated, by oil supplied 

| the spring ter Wivienting system. When 

——— ring revolves He at full speed, oil is sup- p44 390 Timergency Govan 
In this posi fwiti spiral gear oil pump. e, : ‘ 
strikes a 


well us the operating governor, is driven by a worm gear 
1 ty the turbine shaft. 
Hirbine-driven pump furnishes oil to the turbine upon start- 
Winn down, The oil is refrigerated by circulation through 
? water cooler. 
}eived non-condensing Curtis turbines, the packing in the 
diaphragms separating the steam 
stages and in the inner sections of 
the high-pressure and low-pressure 
heads usually consists of a ring of 
special labyrinth packing, self- 
centered, with close clearance to 
the shaft. The high-pressure and 
low-pressure heads are, in addi- 
tion, packed with several rings of 
braided, high-temperature pack- 
ing. When furnished to operate 
Rsugh High-pressure with high vacuum and, in special 
shine cases, when operating non-con- 
densing against a high back pres- 
tie rings are used to pack the heads. The diaphragm 
Wiehanged, ‘ 
ie hond of the large Curtis turbine is packed with a 
of special design as shown in Tig. 801. Referring to 
7 _ A and B. . . B are monel metal ribbons 
wy 6 helix in a rectangular thread turned in the sleeves 
K wad in the sleeve S, respectively. The ribbons in 


g NL q 
Y CYLINDER! 


closes the main 
] which is of 
_ LF emergency 
newer Curtis 
sign, the fule 
operating the 
valve, Fig, 2 
position by a piston supported by oil pressure. The releas 


SSS 





Fra. 298. Control Valve with Emergency Release. 


Hain Matt 





Fig, 299, Governor Assembly for 35,000 lew, 


sure by the emergency-governor trip immediately closes the 
In testing out the emergency governor, oil is discharged tt 
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§ are perpendicular to the axis of the machine, while those 
sleeves are inclined either to the right or left, depending up 
tion. This inclination is obtained by turning over the edg 
while the piece is rotating in the lathe. The port D con 
annular opening Z, and in turn exhausts through pipe 
The greater bulk of the steam leaking by the packing ¢ 
this port. and through opening F. For packing in good 
amount of steam discharge should not exceed 3000 lb. per hit, 
kw. machine. The steam, which is highly superheated 
pheric pressure, is lead to a small closed heater in which the ¢ 
is the condensate from the main condenser. The rest @ 
steam passes through ports P into an annular space NV and 
small discharge pipe leading to a small jet condenser bolted 
assembly on the outside of the turbine. Service water is 
densing medium in this condenser. Only a small quantit 
required for this jet condenser, and the “ tail’ water is dint 
to waste or into a makeup storage tank. The vanes on the 
ing sleeve extending from the ports D to the outside of 
inclined in such a direction as to resist the infiltration of 
jet condenser maintain a slight vacuum as is usually the 
upper half of the high-pressure wheel casing, while H is 
nozzle plate by means of which the entrained steam is d 
blades of.the first-stage wheel R. The low-pressure pat 
in design to that of the high-pressure except that steam 
source is used for sealing. The diaphragm packing is also sit 
to that of the high-pressure packing illustrated in Fig. 301, 

Figure 302 shows a horizontal section. through a Kert 
Curtis-Rateau type turbine consisting of a single t 
Curtis element and nine Rateau stages. This machine ¢ 
equivalent Curtis design only in structural details and in th 
of the main operating governor. The governor weights, 
split sleeve concentric with and mounted directly on the end 
shaft, actuate a balanced-piston valve through an oile 
illustrated. This type of Kerr turbine is constructed in sisee 
5 to 2500 hp. 

Figure 303 gives a diagrammatic arrangement of the b 
of a typical single-pressure multi-velocity-stage turbine 66 
single set of stationary nozzles, a double row of moving 
rotor and one intermediate or reversing element, 

Steam is completely expanded in the stationary noa#lem 
from the nozzles with absolute velocity V,, striking the fi 
blades at an angle « with the line of motion of the wh 1 


Pilot 
Valve. 








































Governor Weights 
Oil Piston 


Balanced Throttle Valye 





‘Steam Inlet Flange 








Outer Carbon Packing 


Fig. 302. Kerr “ Economy ” Curtis-Rateau Type Turbine. 
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, angle of the nozzle with the i 
; i Z plane of rotation, 20 d 
Pihieietn of two rotating elements and one stationary ppt 
performance of the actual turbine with its theoretical possi- 


vy, of V; and the peripheral velocity u is the velocity of the 
to the vanes; and the angle 8 which the line »; makes 
motion of the wheel is the proper entrance angle of the | 
first set. Neglecting friction, the exit angle y will be 
entrance angle 8. The resultant of v, the exit velocity 7 
blade, and wu, the peripheral velocity is Vo, the absolute exit, 
Since the second set of blades is fixed and serves as & me 
the direction of flow, the absolute velocity entering ther 
angle 6 formed by V. and the center line of the stationé 
proper entrance angle, 


+ fileal Turbine. For the sake of simplicity, it will be as- 
linul velocity of each stage is zero and that the heat drop 


Phu jovvles is one fourth of : 
Sepansion. of the total theoretical drop, assum- 


ae H, = 1249.6 B.tu. 
Hy tables or Mollier di A 
hp 1249.6 — pA ‘ea 
tion, the absolute exit Ve fival atage 315/4 = 78.75. 
V; = V2, and the exit uf the jet in the first stage is 
«= 5. The steam flo V, = 224 -V78.75 = 
stationary blades strikes 78.75 OO Rae mn: 
of moving blades at an 
absolute velocity Va. 
with the peripheral ¥ 
v3, the velocity of the 
the second set of movinfl 
angle 6, formed by 
motion of the wheel, 
entrance angle for the 
moving blades. The 
(= 03) and u is Va, 
velocity for the first # 
Any number of pre 
be analyzed in a similar manner; it should be noted 
absolute velocity of the steam entering each stage 60 
heat drop in the nozzle measured from the final heat cont 
in the preceding stage to that at the mouth of the nozsle ¥ 
tion. 
The “Terry Condensing,” Moore “ Multi-stage,” and 
the Kerr turbine, while of the multi-pressure, multi-veloclty 
type, are of composite design, consisting of a Curtis 
and a number of Rateau intermediate and low-pressure 
turbines are frequently designated as Curtis-Rateau 
substituting a Curtis stage for several of the first Rat 
windage losses are reduced and a shorter cylinder is obt 


of this design are usually limited to capacities under 2000 
* is beyond the scope of this book, and the reader 


Example 40.— A four-stage Curtis turbine developr 1 Car , pcg Aen : 
steam consumption of 12 lb. per hp-hr.; initial p (| ti dente earey pad I dari day 
guperheat 100 dog. fahr., back pressure 1.5 Ib, abs, B tay bo analyzed in S eieilar Dee ’ ‘ 


Wh this initial velocity in direction and amount, and com- 


feripheral velocity as in Fig. iti 
eons Stew g. 307, the absolute velocities 


wey absorbed in the first set of moving blades, per lb. of 
Vy) + 2g = (1985? — 1170’) + 64.4 = 39,930 ft-lb. per 


Ht eet of moving blades 


V)) + 299 = (1170? — 670°) + 64.4 = 14,280 ft-lb. per 





¥ eonverted into useful work is 
WN + 14,280 = 54,210 ft-lb. per sec. 


heat drop been utilized in doing work the total energy 


Fra. 303. Velocity Diagram, 
Curtis Turbine. 


» 61,180 ft-lb. per sec. 


1,180 — 54,210 = 6970 re 
: :210 = 6 presents the | 
-~ sloam leaving the last bucket. Peaatamt 
erncelly brought to rest before entering th 
i . d 
wal equivalent of this ener; y B= 89 
final heat content; thus ciibmebntetdtie 


TATA + 8.06 — 1179.8 B.t.u. 


yap por etage of 78.75 B.t.u 
.75 B.t.u. was assumedtas a require- 
Hi, wn the final result obtained above shows it pe 
__ tly trial and adjustment or by means of empirical 
My iiay be obtained which will fulfill the given condi- 
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hi low residual velocity is deflected from the moving blades to 
of the second set of stationary nozzles. In this second set 
iioxzles, the steam is expanded from pressure P2 to P; and the 

the second set of moving blades at practically the same velocity 
( the blades. This process is repeated in each element of the 


It should be borne in mind that in the actual turbine 
be less than the theoretical on account of frictional re 
nozzles and blades, and the heat content H, Ay . 
greater than that of the ideal mechanism. Radiation, leal 
and other losses must also be considered in determining act 

Neglecting the residual energy in the exhaust, the 


H, — H,, is available for doing useful work, and the Ww fleum expanding as it flows from element to element in its 
ideal turbine is the condenser. It will be seen that the rotating force is pri- 
W = 2547 + (Hi — H,) = 2547 + 315 = 8.1 lb. per hy i reaction though there 


# impulse when the jet . 

1 
Woving members. There io 
f} thange in pressure at 







MA 
C ¢ C C Cc CC r¢ Stationary Blades 
| DDD DYDD DD) Mpring 


Heat consumption per hp. per min. 
= 8.1 (1249.6 — 83.9)/60 = 157 B.t.u. 


i 
i , . CCC ¢ Stationary Blades 
Thermal efficiency the reduction seldom -{ CCCCC Ps ; 
E, = (1249.6 — 934.6) + (1249.6 — 83.9) = 0.27. \, wl any row of blades, I I |} DDD TD Die 
#) velocities therefore are 


Fia. 304. Blade Arrangement, Reac- 
tion Turbine. 


Actual Turbine 

Steam used per hour = 800 X 12 = 9600 lb. 
Steam used per second = 9600 + 3600 = 2.66 lb. 
Hp. developed per lb. of steam flowing per sec. = 800 + 
Kinetic energy converted into useful work: 


300 X 550 = 165,000 ft-lb. per sec. 


Thermal efficiency 
E, = 2547 + 12 (1249.6 — 83.9) = 0.182. 
Heat consumption, B.t.u. per hp. per min. 
12(1249.6 — 83.9)/60 = 233. 
Rankine cycle ratio = E,/E, = 0.182/0.270 = 0.675. 


y low. The path of the 
let to outlet may be 
I) to tho axis) or radial (at right angles to the axis). The 
Mitieh), Westinghouse (American), and Allis-Chalmers 
HH representative of the axial-flow type, and the Ljunstrom 
the pacial-flow type. 
Nlmers, high-pressure, single-cylinder, condensing turbine 
Avwerican single-cylinder machine employing the straight 
ple \hvouhout all stages. The earlier designs of Westing- 
Hiihines were of the straight reaction type, and many of the 
Hilo units are of this type, but the modern high-pressure 
iiila of whatever size operate on the combined impulse- 
ile, 
ws i general assembly of an Allis-Chalmers, high-pressure, 
Midensing steam turbine illustrating the straight reaction, 
ile, ‘The turbine consists essentially of a fixed, horizon- 
# or oylinder and a revolving spindle or drum. The sta- 
fie tneorted radially into circumferential grooves in blade- 
fie, which in turn are secured to the cylinder. The 
/ #/e mounted in rows on separate rings or directly fitted 
m drum, Hach row of blades, both fixed and rotating, 
Hiely wround the turbine, and the steam flows through the 
Ween the spindle and cylinder, Theoretically, the length 
1 the diameter of the spindle which carries them should 
gradually increase from the steam inlet to the exhaust . 
late the increasing volume of steam. Practically, how- 
feet is produced by making the spindle in steps as 
Hades in each step are arranged in groups of increasing 


207. Reaction Steam Turbine. — The reaction turbine 
sure single-velocity machine in which the reaction rather t M 
of the jet is the force which drives the rotor. In this type 
expansion of the steam is subdivided into a great number of 
pressure drops, the steam expanding in the moving as wall 
tionary elements. Each stage consists of a row of statio 
rotating vanes, the various stages being arranged in such 
the entire expansion resembles in effect a single divergent 
exception that the dynamic relationship of jet and vanes \e 
a comparatiyely low velocity from inlet to outlet. The 
steam on the blades is illustrated in Fig. 304. Steam is 
first row of stationary blades from pressure P to ?, and 
jet. The velocity of the jet issuing from these stationary 
that steam enters the adjacent set of moving blades p 
impulse, ‘The steam expands from pressure P, to Py ii 
the first set of moving blades and exerts a reactive for 
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. 3s The blades are usually shorter at the beginning of each step 
2 § § 2 The end of the preceding step, the change being made in such a 
wt : § $3 i : eg the correct relation between blade length and spindle diameter 
eazepdi 2 P28 & jm 
ed EF a £ 3B ESE | i! the difference in diameter of the “ steps,’”’ there is an end 
33 5 3 : ® <i the spindle due to the difference in steam pressure at the end of 
i E ES i aoe In the smaller sizes of Allis-Chalmers turbines, the thrust is 


ly balance pistons mounted on the rotor and revolving inside 
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Viera 
Na 



















z : : : : 

s §. ce Huy cylinder, or “dummy.” Each piston is then subjected 
ue] N : . 
LY . # (| I ilifference of pressure as the rotating drum by means of equaliz- 
MEAG boca 

3 Ni ip i Wy 
Fs VEIN? a 5 bape Yj Yj 
ay of 1 Nid 
Ge a. N\ 8 |) ae 
as os Nl ae i. Mis DH SN 
cs 5 = Ns) g Pieerenee from 0,008" to 0,020” TENT 

N N| = ; 
; NI% High-pressure Balance Fia. 307. Low-pressure Balance Piston 
Le 


Drom 


tie (Allin-Chalmers). Packing (Allis-Chalmers). 


ye 


SS 






I) the larger sizes, the largest piston is omitted and in its 

lity piston is used at the other end of the turbine, this piston 
Pia! effective area equal to the effective annular area of the 
%) In the latter construction, the equalizing pipe for this 
fwil, the pressure on the balance piston being equalized with 


aN 
KOS 
SS A 


A2/\5 


ZZ 
SS 









NS 


SIZZLE 
ELITE 


Inlet steam bend 
































































3 
# i iy eluge of the blading by means of passages through the rings 
peor 3 i i alance pistons and dummies 
Be ile contact with each other, and eee WN WN 
ean is minimized by alternate ini AS 
g a2 i in Pigs. 306 and 307, which TT 
i, KE. th packing. As a general rule a 
2 oo 1 41h. projected width and above | 
BY fyundation rings and the smaller 
¥ . Viilially formed and swaged into | | 
) ting. ‘The tips of all blades IGR 


, : S 
ther with a shroud ring, there- W Wh NRE 
Palility and accurate alignment. Fra. 308. Turbine Blading 
i, ln longth are secured against (Allis-Chalmers). 

Wire lacing or stiffening strips, 

Niwhepreasure end of the cylinder and spindle is sealed 
wf eleam by a water-packed gland which is in principle 
yup runner fixed on the turbine spindle and _ revoly- 
Vig, 400. A similar seal is used on the low-pressure end, 
the high pressure at the gland due to the low-pressure 
miditional seal of the labyrinth type is provided to pre- 

















































470 STEAM POWER PLANT ENGINEERING STEAM TURBINES 471 


vent excessive leakage from the inside of the balance piston A 
chamber. The main bearings are of the self-adjusting f 
type and are lubricated by means of a pump geared to the 
the turbine. ‘The oil, after it drains from the bearing, pase 
strainer into a collecting reservoir whence it 1s pumped thi ' 
and back to the | 
centrifugal auxiliary 
furnished, for use 
or stopping the ; 
ie of meng ey I spouting velocity V; = V, + Vi, in which V, = entrance 
i fixed blades 
b overnor if / ; 
ing lever otal , , imparted to the steam in the first set of moving blades 
trols the speed by t 
Figure 310 gi 


ting the flow as purely adiabatic, is 
I, = W(A, — H2)/778 = WV? + 2g (187) 


A! heat content, B.t.u. per lb., 


| #ontent after expansion through the blades, B.t.u. per lb., 
Hi of steam, lb. per sec., 


Wily imparted to the jet by expansion. 





: EF, = W (v2? — v1?) + 2g (188) 
matic arrangemen 

and stationary b 

stage of a multi tye velocity of steam entering the moving blades, 

turbine. The ste ive velocity of steam leaving the moving blades. 





pea er Hierey available in the first stage is E, + Fa, in which FE, = 
tively .0qr aa if the jet leaving the stationary vanes = WV, + 2g. 


*iuy, “,, converted into useful work in this stage is, there- 


Fig. 309. High-pressure Spindle-gland 7 
(Allis-Chalmers). there partially 


impinges against — 
blades at velocity V:. In practice Vi is made such that 


he Hh, + EF, — WV.? + 2 
tically no impulse when the jet strikes the vanes. In p J 2 9g 









J (V2 + wm? — 012 — V2) W + 2g (189) 

the moving vanes, the steam is further expanded and lew 
, tf» velocity of the steam leaving the moving blades. This 
P 4) will also be the initial entrance velocity of the second 

rrr DID tay be analyzed in a similar manner. 
ah P, vy, = 672 a Conatruct the velocity diagram and calculate the work 
Nod Vi ay i A= 1 wlawe of a frictionless reaction turbine for the following 
a=30" a ‘. Tal-drop per stage = 18 B.t.u. per lb. of steam; peripheral 
KCCCcs oe HT), por wec,; exit angle = 30 deg.; entrance velocity, V;, 
; ' Pea flow, 1 lb, per sec. 
Py ' : 


The velocity imparted to the steam in the first set of. 
in 
Fia 310. Velocity Diagram — Reaction Turbine, \'\ = 224 V18/2 = 672 ft. per sec. 


valoolty in 
Vow Vor Vim 0 + 672 = 672 ft. per sec. 


“ireotion and amount and combine with u = 300, Fig. 
in 1, the velocity of the steam relative to the blades. 


velocity Vs, exerting a reactive force on the rotor, The 
the second set of- stationary blades with an absolute 
is still further expanded to velocity Vs, and so on, 

The energy, /,, imparted to the steam in the first 


‘ 
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The angle between v; and the line of motion of the wheel will ne 
blade angle. From the diagram v: = 438. The energy 
pansion in the moving blades is 


E, = 778 X 18 + 2 = 7002 ft-lb. per sec. 
Substituting v, = 438 and HZ, = 7002 in equation (188), 


7002 = (V2? — 438°) + 64.4 
or, v = 802 ft. per sec. 


ent consists of 12 straight reaction stages with the rotating 
Minted on a single cylindrical drum. There are no balance 
Winmy rings and a thrust bearing take up any unbalanced 
(hut may exist. The main bearings, glands, and seals are 
the of the larger unit described further on. The governor, 
} tiviven from the main shaft through a worm gear, and acts 
the wleam-admission valve. 

i) lig. 313, it will be seen that the rotor of the large single- 


The resultant of v. and u is V», the residual velocity of the 1) In composed of two forged-steel sections which are held in 


the moving blades. From the diagram V2 = 576. | 
The energy converted into work in the first stage is from 
E, = (672° + 802° — 438° — 576°) + 64.4 

= 10,420 ft-lb. per sec. for each lb. of 
through the turbine. 




















In the actual turbine the various friction and leakage ian ae thon 
included in the calculation. Such an analysis is beyond VJ 1 WaZ Sr? 
text and the reader is referred to the accompanying bibliog! Wire 4 J as 

208. Combined Impulse-reaction Steam Turbines. —= wy, Ny YA 
single-impulse element for the first stage of the expansion ” “ ; ) Y | 
turbine is desirable in many cases, inasmuch as it replaceiy = th 
appreciable sacrifice of economy, a considerable number of Nera 
in the least efficient stage of the reaction turbine and if JW 
shorter and consequently a stiffer rotor. The entering § ally 





in the nozzle chambers of the impulse element until its p 
perature have been materially reduced by expanding thro 
As the nozzle chamber is cast separately from the main” 
temperature and pressure differences to which the cylinde 
are correspondingly decreased. - From 20 to 50 per cent of 
drop takes place in the impulse element, the exact amount @ 
the initial steam conditions. 

With the exception of the impulse type described in p 
recently constructed single-cylinder, high-pressure, West! 
turbines are of the combined impulse-reaction type. Fig 


1 Assembly of 1500-kw. Westinghouse Impulse-reaction Turbine. 


wv! fit and reinforced by bolts. The high-pressure section 
Hilor for the impulse element and two balance pistons, and the 
Mytion carries reaction blading only. The high-pressure 
iivieal in shape and houses the impulse elements and two 


section through a 1500-kw. turbine illustrating the usual d The valve chest is placed above the cylinder and is rigidly 
313 shows a section through a 35,000-kw. unit represen vwlng at the primary steam inlet. The reaction casing 
practice in large single-cylinder machines. ive ehaped so as to give a diverging steam path of conical 

Referring to Fig. 311, the entire rotor, comprising the 1 le to exhaust outlet. The exhaust chamber, furthermore, 
impulse disc, and turbine shaft, is a single steel forging, ther tie designed on stream-line principles so as to insure uni- 
great strength and rigidity. The impulse element consiste mw of the exhaust steam over the whole condenser inlet 


of nozzles, two rows of blades on the rotor, and one set @ 
stationary reversing blades. In this machine approxim 
of the total energy developed is absorbed in the impulae 


firet 10 vows of reaction blading are of the usual design 
rool and brazed wire lashing. The rest of the blades 
# type, which permit of increased steam area without 
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increase in blade length. The Bauman principle is to divi 
into two belts by means of partitions on the blades and auxil 
passages in the casing. The outer path is proportioned so th 
diverted in this direction is expanded completely and efficier 

of the inner path is by-passed with practically no expansion 
portion of the partitioned blades, but the remaining availal 
absorbed by the added row of blades. The combined length ¢ 


ater sealing gland 


Steam sealing gland 
Ww 


Steam extracted for high temp. heater 


Steam extracted for 


low temp. heater 





Fia. 312. Assembly of Governor Mechanism, Direct Con i 
row of blades and that of the upper portion of the preceding, g 
blades is sufficient to give the desired total exhaust aren 8 
crease in blade length. By adding one row each of revolvi 
tionary blades, the capacity will be increased 60 per cent above 





In adding two rows and arranging an additional steam belt, 
is 120 per cent, and with three additional rows, 170 per cent, 

The balance or dummy pistons are connected through equll 
with suitable pressure zones in the turbine, Steam f 
dummies is prevented by labyrinth packing of the type 
Fig. 314. Duplex sealing glands are provided at each end of t 


£.35,000-kw. Westinghouse High-pressure Single-cylinder Condensing Turbine. 


Fia. 313. Assembly o' 
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om account of the valve F, the latter does not begin to lift 
Wiary valve is raised to the point at which its effective opening 
tw increased by further upward travel. The secondary valve 
1) (0 « lower-pressure section and enables the turbine to carry 
‘| (han when controlled by the primary valve alone. 


next the atmosphere being a water gland of the centrifugal 
while the other is a. steam labyrinth gland. The latter is use 
up, since the water seal does not become effective until 
degree of speed is obtained. Any unbalanced thrust is 
Kingsbury thrust bearing, Fig. 315. The main bearings 

aligning type and are 
Yfpry a continuous flood of ol 
Z LY I) oiling system is maintaing 


igaag of a pump geared to th 
NAAARAARARAAARARAARA 
UUUUUULUUUCLLUU of the turbine. The oil, 


RV WEL 


from the. bearing, pé 
strainer into a colle¢ 
whence it is pumped thre 
and back. to the beari 
Figure 316 shows an assembly of the main governor mech 
is common to all sizes of Westinghouse reaction turbines. 
of the governor weight is transmitted through suitable lin 
which in turn actuates rocker R. Flat-faced cam C and 


Fic. 314. Dummy Packing, Westing- 
house Turbine. 








impart a slight but continuous reciprocating motion to lever 


overcome the friction 
of rest. Rocker arm S 
controls a small pilot 
valve which admits oil 
under pressure to, or 
exhausts it from, the 
admission-valve operat- 
ing cylinders. There 
are usually two admis- 
sion valves, the pri- 
mary and secondary, 
but in the large units 
such as illustrated in 
Fig. 318, there is an 
additional or tertiary 
valve. Each of these 
valves admits live 


steam to different pressure stages in the turbine. Wig 
the general details of the oil relay valve gear under go 
Rocker S, Fig. 316, controls the small pilot lever A, Vig. 817, 
oil under pressure to, or exhausts it from, the admission ope 
When oil is admitted to the operating cylinder, raising 
lover C lifts the primary valve #, The lever D moves 






























‘ 
HS CM 
f ee? 
H 
(TT) Oll Over - 
Sheet Steel Liner! } ae 
0.005" Pt Fd 


| 


Acjusting 
Nut 


Retainer. 


Oil Packing|Ri 
(Red ; 


Main Governor, Westinghouse Turbine. 


Vu no 


HW Wevernor-controlled relay and the piston is an additional 
perated by a small differential piston controlled by the 
governor, The descent of this piston admits full oil pres- 


‘Adjusting Worm ley wide of the piston, exhausting the upper side and so 


Fro. 315. Kingsbury Thrust iviilet valves regardless of the position of the governor 
Ny inoans of a small hand-operated plunger at the center 
whole mechanism may be tested out, if desired, whenever 


shut down, without actually speeding up the turbine. 

tay woll illustrated in Fig. 318, provision is made for ex- 
weolions B,C, D, and 2, When operating at rated load 
re of 800 Ib, abs., 650 deg, fahr. temperature, and a 
of mercury, the pressure drops in the various sections 
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mately as follows: impulse element 300 to 120 Ib. ¥ will be kept in service. The multi-cylinder design lends 

are approx . a Ib. abs.: section C to D, 50 to 12.9 Ib. a ably to the high-pressure high-temperature reheating cycle 
me C, ore 7 eed E to sendeaial 3.2 lb. wh. to 29-in. vat few being adopted in so many new power plant projects, and 
12.9 to 3.2 lb. abs.; t f Westinghouse turbines are no lon mf such units are now in course of construction. Multi- 
The double-flow i : 1 oe " Withines of the tandem-compound and cross-compound type 
are of historical interest ony. ; a Hire wylinders) are’to be found in a number of plants, and a 
Governing Devices of Westinghouse Geared Turbine Units: Power, 6 M0,000-kw. unit has been installed in the Crawford Avenue 
770. the Commonwealth Edison Co., in which the h.p. and i.p. 
HP wonnected in tandem to one generator and the l.p. element 

wedium driving its own generator. The tandem-compound 

t operate at 1800 r.p.m. and the low-pressure unit at 1200 

H0,000-kw. units at the Seventy-fourth St. Station of the 

} Itapid Transit Co. and at the Colfax Station of the 

dphit Co, are of the triple-cylinder cross-compound type con- 

me |p. element and two l.p. elements, each driving its own 


Multicylinder turbines of 25,000-kw. to 80,000-kw. rated 
i» be found in a number of large central stations but they 








a 
Sis Sag 


wily limited to large units. The De Laval Steam Turbine 

0 ot ily placed on the market a 6000-kw. cross-compound impulse 
ane ‘| to direct-current generators, in which either element is 
| G ying approximately 4000 kw. in case of derangement of the 





pound Turbine Adaptable to a Variety of Conditions. Power, July 8, 
Fic. 317. Oil Relay Control, Westinghouse Turbingy 


feetoam Turbines. — Exhaust-steam turbines are prac- 
fe in design and appearance as the high-pressure turbines, 
the valves and steam passages are much larger to allow for 
yelime of the low-pressure steam. Exhaust-steam turbines 
i wleam only and are occasionally installed when there is 
ily of exhaust steam to carry the load at all times. Should 


209. Compound or Multi-cylinder Turbines. — The cour 
engine is compounded primarily for the purpose of 
condensation losses incident to large ratios of expansion, 
turbine, there is no wide fluctuation in temperature as in t 
engine, and hence, aside from an insignificant amount of 
surroundings, there is no cylinder condensation. For p 


linder does notlill i) provide additional steam for an occasional failure of the 
400 lb. gage a“ ae nes yon Ask ainder machines as bij , Wielepressure steam is furnished through a reducing valve 
economy of t ”) eo tg sie nea efficiency as the ye) only when the pressure of the exhaust falls below a pre- 
kw. rated capacity have the s wnt, tn installations where the supply of exhaust steam 





construction for the same pressure and temperature Panis 
turbines, however, have certain structural and operating 
may prove of advantage under certain conditions. Thus, | 
compound design the temperature range is less in each 
in a single-shell machine for the same initial and final at 
and the stresses in the casing and rotor are, therefore, nob 
Furthermore, the two or three cylinders are complete 
selves, and in case of derangement or shut-down of 


tion of the load, as in connection with reciprocating engines 
fm turbines carrying the load in parallel, no governing 
feyiived for the turbine. Where there is no direct relation 
Hine and engine load, the usual speed-regulating governor 
turbine, Straight exhaust-steam turbines are not in 
Hielern large plant, but may be found in a number of older 
jon with reciprocating engines, where increased capacity 
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was necessary and the cost of the low-pressure turbine equipt 
than that of a new unit. Low-pressure turbines have also h 
to receive the exhaust from steam hammers, rolling mill eng) 
appliances using steam intermittently. In order to store 
during periods of excessive exhaust, and to release it du 
diminished or interrupted supply, regenerator-accumulato 
used to advantage. The regenerator-accumulator, which | 
feedwater heater, absorbs the latent heat of the exhaust d 


MWeenerator is to absorb M Ib. of exhaust steam in ‘t min. 
fi sudden flux of exhaust, the weight of water W, required 
i” Mr + (q1 3 qe). (190a) 


4%, - Determine the weight of water to be stored in a regen- 
Hperwte a 500-hp. exhaust-steam turbine for five minutes if the 
Hy in entirely cut off; pressure drop 17 to 14 lb. abs., turbine 
Wb, per hp-hr. 


of excell » from steam tables and the values specified in the example, 
and pert 
water $a © 500 X 30 + 60 = 250, r = (965.6 + 971.9)/2 = 968.8, 








Economy Test mr, iy 5 
1500 Hp. Low Pressure Turbine reduced | A ile: 
Initial Pressure 15 Lb, Abs. i 

Dry Steam Ing the 
Barometer  30in, exhaust : 


tiene values in equation (190) and solving 
mw WA0 & 968.8 + (187.5 — 177.5) = 121,100. 






































than ; 
— Herator is to absorb 2000 Ib. of the exhaust steam in five 
quire . fe & period of sudden flux, 
mann 
m VO8.8 + 20 a = 
; atoasii ul (187.5 — 177.5) 193,760. 
My 2 50 r Aa far Ds. 150 is held Pm Acownulators and Regenerative Processes: F. G. Gasche, Proc. Eng. 
We Ste constanty: : Dow, 112, p. 723. 
\ the pe Pow with Evhaust from Mill Engines: Power Plant Engrg., July 1, 
eration are too long. Exhaust-steam turbines develop & 
on a steam consumption of 25 to 35 lb., depending upon the piwils, where the investment cost of a regenerator would not 
conditions, per cent of rating carried, and the degree of Hi! the supply of low-pressure steam is equal to the demand 
tained. By equating first cost, cost of operating, and main # except at infrequent intervals, low-pressure turbines are 
low-pressure turbine equipment with the resulting heat eo Mheetion with a simple reducing valve or equivalent. 
the net overall gain or loss over that of a high-presw fiplion of a high-pressure accumulator which has recently 
readily ascertained. Some idea of the enormous quantity of Hin in lsurope, consult Power, Aug. 22, 1923, p. 322. 
must be stored in a regenerator-accumulator for operatitig, femure Turbine.— Where the variation in supply of 
turbine may be gained from the following calculations: ) lars no relation to the various amounts required by 
; Hie turbine, the latter is usually designed to run on both 
Let We= weight _ water required to operate thé ii! lowepressure steam, at the same time, using all of the 
min., lb. ean available and sufficient suppl i 
i. , § pplementary high-pressure 
i= sag no. of min. the exhaust supply Hy the load, Such a combination unit is known as sel 
cut o i 
¢ i, and has practically supplanted the straigh: 
i : , ght exhaust- 
s = water rate of the turbine, lb, per min, E yall modern plants. The transition from all low-pressure 
r = mean latent heat at regener ator prem oh ‘ive, through «ll the conditions intermediate between these 
qi = heat of the liquid corresponding to re nut iyiled for wutomatically by the turbine governor mechanism 
of water in regenerator, B.t.u. per lb, event, it is not necessary for purposes of economy to 


q@ = heat of the liquid corresponding to minim 
of water in regenerator, B.t,u, per lb, 
Then W = ter + (qi — qo) 


ly the low-pressure turbine to the amount of exhaust 
hut within limits it may be made as large as the load 
premure turbines have been constructed in single units 
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as large as 10,000 kw. and have practically supplanted the #t wit of this grid valve is regulated by the steam pressure in the 
pressure design in the modern industrial plant. ton, which receives the steam bled from the turbine. A small 
' Plant: Power Jama tion from the receiving system to the opening marked ‘‘/”’ in 
Miced-pressure Turbine versus a New Steam Plant: , _ {ion acts upon a regulating diaphragm which serves as a pres- 
942. Bleeder or Extraction Turbines. — Any type of mu iy Movement of this Bepbragm is caused by the steam 
stage turbine which is designed so that steam may be extradtt | tonisted by a coil Spang 2.” Should the pressure in the 
more points between the steam inlet and the exhaust ow fon increase, the regulating diaphragm moves to the right 
designated as a bleeder, or extraction turbine. Evidently, the spemsure of te spring. The motion of the diaphragm is trans- 
ber of pressure stages, the greater will be the range of § f lover “4” pivoted at its upper end to a second lever “5 
—. be effected. The bleeder turbine mill His lower end attached to an oil pilot valve “3.” Movement of 
Bf gaa - yeaah shee lower-pressure steam fron ye wmits oil under pressure to the pilot cylinder, which in turn 
ie The heat Stop has been converted into power, instead of bell Platon and the grid valve connected to the piston rod. This 
at a loss, The greater the pressure drop, the greater will b the grid valve, permitting an additional amount of steam 
conversion, but the heat of the bled steam available for hei i) (he last stages of the turbine, thereby reducing the ive 
‘s not reduced proportionately. The bleeder turbine has Healing system to normal. By the connection of lever 5 
” a satisfactory way, the problem of the heat balance in ‘ the movement of the piston rod changes the position of lever 
© tAsition to mochanitel and electrical energy, low-pre Hit the pilot valve to its neutral point. . 
required for heating buildings, heating boiler feedwater, and J jrewsure in the receiving system fall, owing to a sudden 
Bleeder turbines are designed to permit any amount of oxti pein, pressure on the regulating diaphragm decreases and 


Ties this diaphragm to the left. By the connection of lever 


ion of all the steam, to 100 per cent, or p | ; 
— : Maplragm, the pilot valve is moved to the right, admitting 


of all the steam ™ 


of extraction. T Hf vylinder and moving the piston to the left so as to close the 
signs the en The closing of the grid valve permits less steam to pass 
0 to 100 per ¢ W-prossure stages of the turbine and consequently forces 
for; in others 0 High the bleeder outlet into the receiving system, thereby 








amount of extra ie to normal. The motion of the piston and lever “ 5,”’ 
sary. In the iierensed pressure on the regulating diaphragm, returns 
trial plant, ste fy \te neutral position as the pressure in the heating system 
ted only from the wl 
the pressure is fire in the heating system builds up to its normal point 
pheric and then Mount of steam is required to develop the rated capacity 
; point; but in t) ls needed in the receiving system, the balance is passed 
Fia, 319. Bleeder Control, Kerr Turbine, = et recently d { eiamon of the turbine, doing useful work. 
stations, extraction is made at two to four points, with one OF fy wleo equipped with a non-return valve installed on the 
um zone. See Fig. 313. The steam bled from the t Mhould the flow of steam from the turbine to the heating 
Bo: lled by hand or automatically. Hand-valve control lt , the eteam will carry the valve up against its seat and stop 
ed sean bled is practically constant. If it varies consld turbine, If for any reason this valve should fail to close, 


turbine would increase to 10 per cent over normal, at 


i intervals, automatic control is the better 
Seeiiiedinwtraiee i Mnergeney governor would act and forcibly close the 


Figure 319 illustrates the principles of the automatic con 
turbine, 

A specially designed bleeder diaphragm equipped with: 
controls the amount of steam passing through the lo 


i) Mulomatic pressure-reducing valve is installed on the 
jermil proper bleeder-pressure control over a very wide 
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capacity range. In such cases, the non-return valve desert 
replaced by an oil-operated combined non-return and pre 
valve, which is provided with the same non-return and cme 
ping features as previously described but with the additi¢ 
mechanism. 

A vacuum breaker actuated by the emergency governor 
the exhaust end of the turbine, to prevent overspeeding due 10 


14,000 + 500 = 28]b. per kw-hr. 


jal heat content for saturated steam at 200 lb. gage pressure is 
Moun tables to be 1198 B.t.u. per lb. The work done by 

Wf sleum per hr., non-condensing, is found from the diagram to 

‘The corresponding unit water rate is, therefore, 

7) = 387.3 lb. per kw-hr., and the heat content of the bled 

PiAgraph 181) is 


steam backing 
[Jatexinom Steam] _ ; bises 1108 — 8415/37.3 = 1107 (approx.) B.t.u. per lb. 


at Throttle | 








At times wh 
requires more 





i) in extracted from a turbine at one or more stages between 




















a aT velop the po Pehwust, it is evident that the power developed by the unit 
de {EL yesizned Condition is needa wi, and in order to maintain the same output with extraction 
Py | tem, the grid {ing straight condensing, an additional quantity of steam 
i” ell permité Hied at the throttle. 

kes steam to Pp | Weal content of the steam at admission, B.t.u. per lb., 

qv vacuum stag { eontent of the steam at the point of extraction, B.t.u. 
Ba power thus d jer lb., 

\ 


the turbine to @ {| eontent of the steam at exhaust. 
































with less stem, W/, © heat converted to work when operating without ex- 
af governor shute | traction, B.t.u. per lb. 
of the supply » © heat converted to work per lb. working between the 
Dry Steam 


Initial Pressure 200 Lb. Gauge turbine. be 
Vacuum 28 In , 
Maes xanll? 30 In. governor; 

Bleeder Pressure 6 Lb. Gauge adm ission of 
last stages, ¢ 
quantity of 


0 the heating 


extraction stage and the exhaust. 


Total Steam _at Throttle 


Pyery |b. of steam extracted (H, — Hy) + (Ai — Hy) lb. 
fy) the throttle in order that the power output will remain 


Mitio of steam added to that extracted is called the flow 
We OX promod 























fy 200 400 600 bead g P 
‘Load in Kilowatts maintains it Pe (H,— H,) + (a: — F,) (191) 
Fic. 320. Performance of 1000-kw. Bleeder pressure, ; be ek 
Turbine. The curved | , — ee is ted of application because 
: . fi the values of H,, H, an nin actual practice. Any 
show the influence of ae aah - sien Bere oval liiion of steam over straight operation will alter the 
rate of a 1000-kw. pied Phen +a ‘si tested, are 'typle ilies becwuse of the changes in pressure, velocity and 
plicable “ het Orig was a t b ass vated at any load fen the various stage efficiencies are known for different 
of turbine in general. T ‘ ‘hes de ntent of the bled wil loads, the determination of the heat content at the 
peo “ Sisal tegan aanalag feration involves laborious calculations. 
readily cale 7 
Example 43. — Using the diagram in Fig. $20, calculate H,000 Ib, of steam are to be extracted from the 28-lb. 


rate of the turbine when delivering 500 kw. and bleedin vi 


steam per hr. Calculate also the heat content of the b 


_—'The total water rate for the specified con 
Py mgle to be 14,000 lb, per hr. Therefore, 


ih kw, steam turbine when operating at rated load. 
{ of team which must be added at the throttle in 
Meted capacity under full extraction. Initial pressure 
WOO dog, fahr., vacuum 0.5 lb. abs. Assume that 
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the superheat at the point of extraction is 25 deg. fahr, 
quality at exhaust is 0.92. 

Solution. — From steam tables, H: = 1340.5, H. for 28 
30 deg. superheat = 1175.1 and H, for 0.5 Ib. abs. and @ 
1010. Substituting these values in equation (191) and solvii 

1175.1 — 1010 
F = t379.5 — 1010 ”” . 


Steam to be added = 20,000 X 0.5 = 10,000 Ib. 

The water rate without extraction = 3415 + (1340.5 
Ib. per kw-hr. ; 

The water rate with full extraction is 


(10.3 X 20,000 + 10,000) + 20,000 = 10.8 Ib. per kw-hity 











er Rate|in LbJ per 





a Ue 
Hallb, Initial Fa ate I 
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These values are only approximate, since the efficiencies boo 00 mm mo 
stages will vary with the amount of extraction and the ad Rated Full Load—Brake Horse Power oF 
up ” steam. foy fractional loads. —Increase full load water rate as follows:°} — 


oy dniti f y als 3 
bulhel premnes.175 deduct 8% 200, dul 655 126 


| fer increased back pressure. — Add for each Ib. back 
14%; 150 Ib. — 14%; 125 lb. —2%; 100 ee ee lee 


: Le 0%} 14— 
Steam Bleeding and Turbine Performance: Mech. Engrg., Dee, 2 | t— 5%. 


x 4 
213. Efficiency and Economy of Steam Turbines. — 


parison of the water rates of piston engines and steam tif 


unsatisfactory because of the diversity in operating ont 1 Miperheat, —Subtract 1% for each ten degrees superheat up to 200 


general sense the piston engine is more economical in thé MMA) Avorngo Water Rates of High-grade Small Non-condenain, 
Steam Turbines. : 


than the turbine for non-condensing service and the re 
high-pressure, high-vacuum, condensing service. Conden 
the uniflow or poppet-valve type have shown superior 
favorable conditions) to the turbine for sizes up to 3000 } 
instances up to 5000 hp., but heat economy is only one of thi 
entering into the ultimate cost of power. For high-pre 
service in connection with electric drives, the turbine is 
own for capacities over 3000 hp., and piston engines abe 
seldom found in the modern central station. A comparison 
in Fig. 280, showing typical economy curves of high-ap 
non-condensing engines, and of Fig. 321 showing the perfor 
condensing steam turbines, is somewhat in favor of the pis 
difference decreasing as the size of unit increases, A sill 
of the performance curves of compound single-valve, 
four-valve, and compound four-valve non-condensing piste 
those of steam turbines of the same size show marked ine 
in favor of the piston engine, For sizes between 2000 and POeetline for Lnitlat prosmures.- 176 1b, gnge doduct 2%; 200 1b, deduct 8% 

ig little difference between the steam economy of the very t 5 tae doovsansd varus. Mia: ‘aaa 0sebta, 0401976 

piston engine and that of the turbine. Piston engines i cowront: Datos aaa adies ms 2 1 07 

have not been built for central station service; hence & eiiaenies (5 

the turbine for larger sizes is impossible, ‘The Mank 06 Curves of Small Condensing Steam Turbines, 










Initial Pressure 150 Lb, Gage 
Vacuum 28 In, Referred to 30 in, Barometer 

















a 4 HOO TOT -“F0O B00 9001000 11001200 
I. Al 
tated Load == Brake Horsepower starve peitly:.) 


PpPeotione for fractional loads,- Increase full water rates as follows: ¥---10%: 
oO) 1091 Ug--8.5%. ! 
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488 
Seventy-fourth Street 8 
represents the largest “pis 
central station service. T 
siderably more than that o 
capacity. 

Except for prime movers 
water rates, or heat supplied 


a: turbines be general and illustrate the usual form of 
ion curves.” The application of these curves is b 
fi example. i 


tation of the Interborough Rapit 
ton engines (7500 kw.) ever ¢ 
he heat consumption of these 
f the modern turbo-generay or 








operating on the straight 1 
per unit output, offer no Mme 
the heat added or abs 























relative heat economies since 
throttle and condenser must also be taken into conside =e 
the only true comparison involves the entire station h Hew Sai 
Lt Lo 1 | © Tests made under Actual Loa 
LL z ler Actu: d Conditions. 
PTL TL] * Bteeeting Lints ot Vastation trom Avorage. |_| 


© Tests made with Blocked G 
over! ‘. 
* Tests made with Secondary and Tertiary 
* Fhe out of Service. 
's made wit 
pele j Fats gg Low Pressure Element 


of Comp 


Water Rate with 
a née Low Pressure 
PR ement out of. 


not merely the performance of the prime movers. 
Power, July 29, 1024) 


| Z\ 










Irvice 


Sak 41 
[| Se 









Thermal Efficiency of Large Steam Turbines: 































































Steam turbines are usually sold on a guarantee basis, t 
ticular machine in question is guaranteed to deliver the HH Be 
Ty a beg LL 


on a certain steam consumption under specified condition Average Net Load, Th 
e' ad, Thousands of Kilowatts 
Poonomy Test of 60,000-kw. Westinghouse Compound Turbine. 


A 125-kw. turbo- i 
v. generator is guarant i 
} SOnsumption of 22.4 lb. per Rigg Aone) 168 


60-Cycle, 13200-Volt, 1800 R.p.m. 
superheat, vacuum 28 in. referred to 30-in. barometer. 


Curtis Turbo-Alternator 





Steam Pressure, Lbs. per Sq. In. A 
. In. Absolute 
__180 140 150 160 170 180 190 200 














A 0F Superheat,165*Abs, 
Bo» » , 28 in Vacuum 
C 165# Absolute, » 1» 



































6 9 12 15 18 
Load, Thousands of Kilowatts 


Fic. 323. Economy Test of 30,000-kw. Curtis 


he steam condi 


installed it is frequently found that t 
In order to # 


from those specified in the contract. 
not the actual performance under existing conditions 
guaranteed performance under contract conditions, tt 
“ correct ” the test results. This correction is custon 








finding partial corrections for pressure, superheat, and Vit 0 m7 or ee em 
braically adding them to the test results. The partial an Magerbeeh Dew. Fab. co 180 
Vacuum, Inches of Mercury 4 a 8 


m actual tests of machines similar in 
Mia, 825, 


to the one under consideration or indirectly from effi 
In either case the correction factors should be mutually 
the contracting parties before the acceptance tests are 
in Fig, 825, though strictly applicable to the particular 


obtained either fro 


# (oat the machine delivered the rat 
had lb, per kw-hr., initial pene 180 ib, the *t60 
=. Using the curves in Fig. 825, show wheth 
meets with the guarantee, : 9 
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tiny, the steam turbine was capable of overloads ranging from 
jer cont and much confusion arose in determining the station 


Solution. — From curve B, we find that the steam ¢ 
180 Ib. pressure is 24.1 and at 165 Ib. 24.7 lb. per kw-hr.j 


rade ve Riis ck nhs 33 ot 160 Gal Current turbine practice gives as the normal rating the 
ib. ha at 125 deg. 22.6 lb. per kw-hr.; therefore, the Mwlinuous load which can be carried for twenty-four hours. 
should be increased 24 — 22.6 = 1.4 lb. to give the eq wlern turbines are designed for a point of best steam con- 


Hewhere, regardless of what their rating may be, the actual 
Hite. 
{he various uses to which turbines are applied and on account 
# variation in design, general rules for approximating the cost 
fi without purpose. Values based on rated capacity vary 
Wile limits that average figures are apt to lead to serious 
feieral sense, steam turbines are lower in first cost than 
if equivalent rated capacity, irrespective of size. 
the turbine is composed of a large number of parts as com- 
§ felprocating engine of the same capacity, there are few 
Wid rubbing surfaces. The only contact between rotor and 
jimin bearings, and the problem of lubrication is therefore 
_ ‘The absence of pistons, stuffing boxes, dash pots, etc., 
{ of maintenance and attendance to a minimum. 
iS h O-1-i whem Yarcaay 1 | uM 2040 1) pee required by practically all types of turbines is con- 
: thw the space requirements of piston engines. Vertical, 
, mpound, Corliss engines of the New York Edison type 
{ floor space of any large slow-speed reciprocating engines, 
Hwuil twice the space of a modern turbine installation of the 
ii) non-condensing high-speed engines the comparative 


deg. From curve B the water rate at a 25-in. vacuum 
28-in., 25 Ib. per kw-hr.; therefore, the test water rate shou 
28 — 25 = 3 lb. to give the equivalent at 28 in. The net 
rate is 23.0 + 0.6 + 1.4 — 3.0 = 22.0 lb. per kw-hr. 
guaranteed. 


Manufacturers frequently use percentage correction Ti 
those printed in the legend of Fig. 325. The accuracy of 
results depends, of course, upon the care with which the fh 
are compiled. As a rule, the corrected water rate is 


Load in Thousands of Kilowatts—for Vacuum Correction 
16 20 22 24 
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4 | a * la loss marked. The average floor space occupied by 
+5 pee | LL TS Wille in approximately 20 per cent that of engine units of 
+6 TT __LLEE La wily, but specific cases may be cited in which the ratio 

a a eT a ui (he average. In the modern central station the actual 
aaa ee See fee mie =e } jer kilowatt of plant rating is much less than that referred 
Absolute Pressure—Lb. per Sq. In, Wever only, because of the tendency toward less crowded 


Fic. 326. Correction Factors for a 30,000-kw. Westinghouse © 
ihe wteam turbine is very small compared with a recipro- 
Wf ‘he mame horsepower. The New York Edison type of 
fator weighs more than eight times as much as a turbine 
Miia! capacity. The turbine, for this reason, and also 
tila! absence of reciprocating parts, requires a relatively 
_ lh many instances the foundation consists of steel 
fe arches sprung between them resting upon the floor, 
jnderneath may be used for the condenser instead of 
tion required for the reciprocating engine. 


Ww Steam Turbines; Power Plant Wngrg., Aug. 1, 1924, p. 797. 


only, and decidedly so when test conditions depart conmle 
for which the turbine was designed. 

The overload capacity of any prime mover depend# 
designation of the rated load. The maximum economy 
piston engine lies between 0.7 and full load, and for thi 
load refers usually to this maximum economical load, 
engine is rated under its maximum possible output, 
overload, Under the existing system of rating, the 
piston engine is capable of operating with overloads @ 
and some designs of uniflow engines as high as 150 py 
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fale steam at 3400 Ib., somewhat above the critical pressure. 
TAREE cn Wael the Rankine cycle and the performances of the latest stations 
GUARANTEED PERFORMANCE OF us buviorrg “fon fewures of 400:lb. gage and temperatures of 750 deg. fahr. 


wre is little net advantage in exceeding these limits for prime 
(ing on the straight Rankine cycle. With the practical 





Throt- | Throt- limited to 750 to 800 deg. fahr., the increased range of ex- 
e . 
ail No, of | Pres- Bess (he steam to become saturated too early to permit the 
tation - sure 

ers Lb. Deg, 











6os | RE tf (he turbine to perform their function most advantageously. 
fhoating the steam about midway of the total expansion 
CASS ety Soa li (he turbine at various points for feedwater heating, the 
Se 1 235 | 617 Mierenwed pressures is such as to warrant the adoption of pres- 
; i Paes ye (hat found in the average plant. This intermediate re- 

Battle Creek... 








| sleam between stages and bleeding for heating purposes 
Calumet....... 1 300 | 647 fation of the turbine in a cycle other than the straight 
































os abil ; ge the limitation of the Rankine cycle and the impracticability 
Colfax.....---- . 265 | 625 fyele, © number of other cycles have been proposed which 
Collars s....5 2 2 265 | 585 : Nworetical and probably higher commercial efficiencies than 
Pagtied?. AB 550 Y 705 Al the present writing (1924) there are many revolutionary 

Weelwnn under consideration, and while these give promise of 
Devon, Conn... 1 285 | 617 BEbses eet” faling results specific data will not be available until the 











Grand Tower..| 1 350 
Hell Gate......) 2 250 
Kearney......- 1 325 
Los Angeles....| 1 350 


S ) Operated for some time. The new projects are based on 

















fyole 
ive vycle 
Veuenorative cycle. 











o14. Influence of Initial Pressure and Temperatt f In this eyele the steam is withdrawn from the tur- 
. n 


haus lants are operating with steam fwen partially expanded and reheated. The amount of 
oid of oe eonaai meen below 650 deg, Hifieient not only to dry but to superheat the partially 
oat ‘ gong ie large central stations, these limits are , thereby increasing the hydraulic efficiency in the lower 
pe ded 2 the immediate future. Great improvement in i) ls then returned to the turbine and expanded to con- 
exceede id fet effected under these conservative p) i) the usual manner. In some of the new plants, steam 
anes d seailichie by eliminating many of the losses fort 1 at about 550 Ib. gage pressure with a temperature of 
tee a * d to-day we have plants which are operit ) ilem. ahr, and passed through the high-pressure element 
Del tliscadt thersaal ainda of 19 per cent as against 1h fihine, ‘The exhaust from the high-pressure element is 


plant of a decade ago. The tendency in the node 

i i d higher pressures and temp 
ere vik all eval of 550 Ib. gage & ile to bo generated at 1000 to 1200 Ib. gage and 725- 
are ee hr. at the turbine throttle, and a numb y# wnd expanded through a small turbine to a pressure 
i sah 0 use steam pressures up to 1200 Ib. por dy . The exhaust from this high-pressure turbine is re-. 
ah plant is under construction in England leg. by « superheater placed in the boiler, and then 


‘heuter, placed inside the boiler, to initial temperature, 
the lowepressure cylinder. In two plants now under 
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Hlency of the Carnot cycle, the Rankine cycle, and a regenera- 


discharged into the main turbine header. The efficiencies 
iit saturated and superheated steam for various initial pres- 


cycle for various throttle pressures and reheating pressure 
by C. F. Hirshfeld and F. O. Ellenwood are shown in 

curves in Fig. 327 are based on initial or throttle temp#l » 
y deg. fahr. and exhaust pressure OF 
The points of maximum efficn 
throttle pressure are connected by 

so that the relation between iL 
and reheating pressure for 
efficiency are readily determin 
ence of the number of stages © 
is shown by the curves in 
curves, while strictly appli¢ 
specific conditions involved, 

as the general characteristics — 
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Hhihe Cycle: 12346 
euorative Cycle: 123457 









Cycle A 
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Limiting Cade of Cycle 8 









































































































































































|_| 
a RS It will be seen that the gail ¥ 4, 
EEEFErerrt] three stages is megliatbits Call ET a hi 
DE 2L8 pea’ reheating cycle will be found eel ee ee 
— a pe at ; Some engineers are of the ¢ jweratures is shown in Fig. 329. The particul i 
e eats ciency Of — complication and expense of Wig, 920 is ana- particular regenerative 
eheating Cycle. . “ IS ana 
warranted. and that satisfacte ph 804, Tt will - 480 
obtained by removing part of the condensation within the the regenerative 
of the turbine by means of some moisture-separating ( very closely the 46 ie 
ing the moisture-free steam to the turbine. This solutie The Carnot eyole yh 
cheap but data as to the actual perform-  , 4 bine cycle ‘falls i y 
ance of such an arrangement are not 3  avolo increas- y Ze sai 
available. Pie of pressure. 3 4 we | 
Regenerative Cycle. — In this cycle the Shaws tho rela- ro 9 By! 
condensate from the turbine is passed THitile pressure e Ls - 
through a series of feedwater heaters in me ond the So y | i 
which it is heated by steam bled from mliine to give id m8 
different stages of the turbine from which Hey On A re- Gali & 
it has just emerged as condensate. With prep wod by a Throttle Temp. 700 F. 280 
an infinite number of such feedwater Fig. 328. Intl 4 Milenwood (see _/- Exhaust Pres, 1 in, Hg. 
heaters, the condensate could be brought Stages in Tali } Thore are 96 aia —t. | Ale 
up to boiler temperature. For constructive Wi thie country shamed 
and operative reasons, it is impractical to use more than fot Modified ee 13 | 
the ideal cycle can only be approximated. With the Bi) which tho A 00" 
turbines, it appears that this approximate regenerative @ ene to three Fre. 880, Maximum Bifficieney pay Cosi “a 
use in large stations since it gives high heat economy, t her are in rs pneesias Temperature of Regenerative 
' VOI, 






om, Cale 


characteristics, and the first cost ia not excessive, 
pemonerative cycle will be found in paragraph 404, 


go for pressures above 600 Ib, gage. A comparison b 
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Reheating-regenerative Cycle. — The bleeding process imy 
ciency by transferring energy within the cycle, and the 
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Wilinary low-load-factor plant, it is doubtful if pressures and 
higher than those now in use will be commercially more 
, Wenuse of the increase in investment and plant complication; 

low plants greater investment is justified and many of the 


adds ene 
availabill! 








La 
i 
seam 










high. Wilionary designs may 
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Numbers Indicate Number of Stages 
= Initial Steam Temperature 


















Thermal Efficiency of Cycle, Per Cent 
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, 200 G00 300 1200 


400 1000 
« Initial Pressure, Lb. per Sq. In. Abs. 


Fra. 331. Thermal Efficiency of Various Cycles. 


itial temperature 750 deg. fahr., back pressure 1 in. Hg. & 
for Curve H — initial temperature 1000 deg. fahr., back p 


Bleeding points — 240 deg. fahr. or 25 
Ib. in one-stage cycles; 280 and 180 
deg. fahr. or 50 lb. and 7.5 in. Hg. in 
two-stage cycles. The probable turbo- 
generator efficiencies or efficiency ra- 
tios for the various cycles with varying 
pressures are shown in Fig. 333. It 
will be noted that the efficiency de- 
creases with the increase in initial 
pressure for all cycles but is less pro- 
nounced with the reheating cycle. 


Reheating in Central Stations. W. J. 
Wohlenberg, Mech. Engrg, May 1924, 
p. 259. 


The available energy per cu. ft. of 
exhaust steam is important to en- 
gineers, in that it is a partial measure 
of the rélative sizes and costs of 
turbines required to give the same 


power when operating on the different cycles, Thee 
the superiority of the regenerative cycle for the conditie 






















































he |? therefore practice in the not 
me . bination Hee also paragraph 
—jzr| | generatil i 
1R have f of High Vacua. 3 
over: all! tle economy of the § 4 
mentionel Wiwine is greatly re- $2 
in Fig. lis limited range of 4 
relation | Pylinders cannot be ;23" 
retical @ Wigned to accommo- | #8 
initial pr iil increase in the ,& « 
ous ye ain when expanded q 
1100 16 eonditic piewwures. For ex-  ,, 
lows: § Hweilic volume of 1 
Atof H tinder a vacuum 
(referred to a 30-in. 200 700 600 300 1000 7200 
lo ihout 667 cu. ft., SEOs EN ee 
Ms its volume Fic. 333. Probable Turbo-generator Eff- 
Rae ciency (Efficiency Ratio) for Various 
Hi of 28 in. Usu- Cycles. 
tet in opened at a 


oy Hh, abs. and consequently a large proportion of the avail- 
t low. The lower vacuum in the exhaust pipe, therefore, 


per bent between 27- and 28-in. and 8 to 12 per cent between 
These values are approximate only, since the influence 
th steam consumption varies greatly with the type and 


a 
i 
j 1 iminish the back pressure and does not affect the com- 
4 fiiwion, Even if it were practical to expand to 1 lb. abs., 
, ; Pilensation in the reciprocating engine would probably 
ie Lo expansion unless the steam were highly superheated. 
: ‘ Hiinher of tests of reciprocating engines shows but a slight 
Tl overall plant economy due to increasing the vacuum 
Jul ‘Testa of steam turbines show a decrease in steam. con- 
4 it 4 per cont for each inch of vacuum between 25- and 27- 
4 


Throttle Trosure, 
Fra. 332, Available 


of Exh © Of the steam increases very rapidly with the decrease 


the corresponding capacity and power required by the 
pumps becomes proportionately larger. There is 
ii where the improvement in steam economy fails vo 
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exceed the increased power demanded by the auxiliaries, a Initial | Pennie | ‘Thermal 
trated graphically in Fig. 334. The values in Fig. 334 ine NPG Sts PoBenerator | Pressure, | Throttle, | Bft per Unie, 
case only, but the general principle is the same for all con Lb. Gage | Deg. Fahr. Pa Cont 
? fs ° i 
older types of condensing equipment, the cost of — —Uceee 
: « 4 vi cw. oO bleeding; no re- 
above 27 in., referred to a 30-in. barometer, increas Being. ; is 6 93, 500 ex 
W)W0-kw. No bleeding; no 
18 ; Hheating. 200 588 14,500 23.6 
e peter uy pe min ea No bleed- 
16 i “ eck if tans gi he higher vacuum MA) hore reating. Average 
St |S pees ee te ee im practice. 230 625 13,350 | 25.6 
3 ou Minn 15,000-kw. No bleed- 
% A " no reheating. Most 
3p Hient stations. 250 650 12,500 27.2 
Eg | 10-50,000-kw. Bleeding 
2S 19 i! ho reheating. 375 700 11,200 30.5 
88 | / 10-00,000-kw. Bleeding; 
ee 7 Hale stage reheating. 550 725 | 10,300} 33.1 
38 haa fp it wal new _ stations, 
Eg ae M000-kw. Single reheat- 
# D u 550 725 | 10,100*} 33.8* 
ae ‘st, r Hone new stations, 
£ y WW00-kw. Two reheat- 
A | 24) tue 1200 725 9,000*] 38 * 
: ‘ 
Cc : ; : 
#80 viel the thermal efficiency of the entire plant as the ratio of 
af . 
4: Ment of a kw-hr. (3415 B.t.u.) to the heat value of the coal 
4 
as 














hwelr., the improvement in overall plant efficiency during 


6 2 M® ts substantially as follows: 
uum at turbine exhaust 
i 30 ineh 


bar L 





ost of Power, Mant Lb. of 14,000 Plant | Lb. of 14,000 
Fig. 334. Influence of Vacuum on C " Hileieney, B.t.u. Coal Index Year Efficiency, | B.t.u. Coal 
Vor Cont Por Kw-Hr. Per Cent | per Kw-Hr, 


the increase in vacuum. In the modern plant, vacua 


, ; v2 2.64 E 1924 | 21.7 1.18 
per cent of the theoretical maximum (as determined by h.6 1.57 F 1924 23.6 1.04 
of the cooling water) are readily maintained without } | 44 3 i aie ral 
This influence of vacuum on the economy of a 30,000-kw, AA ; 
is shown in Fig. 334. * Expected Results. 

Modern Tendencies in Steam Turbine Plants: Mech. ay Ort 1 

’ i he C rd Avenue} 

50,000 Kw. Compound Parsons’ Turbine for the Crawfo PROBLEMS 
4, 1924, p. 728. 

Considering the thermal efficiency of the steam-turbine wliabatioally in a frictionless nozzle from an initial pressure of 


the ratio of the heat equivalent of the energy delivered by 
to the busbars, to the heat content of the steam supplied 
less the heat content of the condensate returned to the bol 
made in the efficiency of such units in the United States f 
is substantially as follows: 


HH, Miporhodt 200 deg. fahr., to a back pressure of 1 in. abs., weight 
per hie.) required: 

jel at the throat, 

Hid velooity, 

Hinont, 

' fouth, 

- i at the mouth, 
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2. If the jet in Problem 1 impinges tangentially against a set 

leaves them with residual velocity of 500 ft. per sec. required: 
a. Velocity of the vanes, neglecting all friction and leakage 1 
b. Horsepower imparted to the rotor. 
c. Foree exerted against the vanes. 
d. Water rate, lb. per hp-hr. 


3. Same conditions and requirements as in Problems 1 and 2 
efficiency of the nozzle is 94 per cent and the loss of energy bet 
the vanes is 15 per cent of the total heat drop. 

4. If the nozzle in Problem 1 is to be used in connection 
steam turbine, required the theoretical number of stages ne 
velocity of 500 ft. per sec. Jet impinges tangentially against the 
available energy is absorbed in driving the rotor. 


CHAPTER XII 
CONDENSERS 


The primary object of condensing is the reduction 
, although the recovery of the condensate may be of 


5. A single-stage impulse turbine (De Laval type) develops If w given volume of saturated steam be confined in 
lowing conditions: Initial pressure 153 lb. abs., back pressure Wetraction of heat will result in condensation of part of 
Df og “ai feito rate 14.4 be ey ee nozzle angle 20 degy # Sorresponding drop in temperature and pressure. The 
— F Ren wed — : iii of heat abstracted, the greater will be the amount 

4 ae am mneerar: the lower will be the temperature and pressure. All of 

"3 ia souls High iene yer be condensed in practice, since this would necessitate 

c. B.t.u. per hp. per min. 

; eed feimperature to absolute zero, or 492 degrees below the 

6. Construct the theoretical velocity diagram for the condi fw point; consequently, the pressure can never be re- 
Reere meee blade outlines. With water as the cooling medium, the minimum tem- 


7. Construct the theoretical velocity diagram for a 750-hp., 
operating under the following conditions: Initial pressure 175 Ih, 
deg. fahr., back pressure 2 in. abs., Rankine cycle efficiency 65 
20 deg., peripheral velocity 500 ft. per sec. Each stage consiat# 
ments and one stationary element. 

8. Construct the velocity diagram and calculate the work 
tionless reaction turbine for the following conditions: Heat drop 
per lb. of steam, peripheral velocity to be the maximum theo 
given conditions, exit angle 30 deg., entrance angle 0. 

9. Determine the weight of water to be stored in a regenerator 
exhaust steam turbine for 6 minutes if the steam supply is en 
drop 15 to 12 Ib. abs., turbine water rate 28 lb. per hp-hr. 

10. A 300-kw. non-condensing turbine operating on steam 
fahr., 150 lb. gage initial pressure and 2 lb. gage back pressure furn 
and lighting. If the Rankine cycle ratio at full load is 45 per cont 


{ie vapor can be reduced is 32 deg. fahr., corresponding 
HLUNNO Ib. per sq. in. or 0.1804 in. of mercury. This 
ve, the lowest condenser pressure possible in practice. 
fy in reduction of pressure only when the vapor is con- 
| vowel, Thus if the vessel is open to the atmosphere 
will result in condensation, hut the pressure will not 
he wlimosphere. P 

Hiiioepheric pressure at sea level and at latitude 45 
1), per aq. in., corresponding to a mercury column 
{, temperature of the mercury 32 deg. fahr. For any 
there will be a corresponding height of column because 
my eontenction of the mercury. Steam tables are based 


no-load steam consumption is 12 per cent of that at full load, ¢ ive of 20,921 in. of mercury at 32 deg. fahr. and for 

ais“ om . ee ee and om load oo ¢ the jyenlent to transfer the observed barometer and mer- 
- Len thousand lb. of steam are to be extracted from the , 29. 

20,000-kw. turbine when operating at full load. If the initial pressure Poadingn ed the 82-degree standard, 

heat 150 deg. fahr. and vacuum 28 in., determine the weight of Hh vorrection for any change in temperature may be 

added to the throttle in order to develop rated capacity under full I hy the equation 

the quality at extraction to be 10 per cent higher than for adia 


at exhaust, 15 per cent. 
12. Approximate the water rate of the turbine with full 
For problems on the reheating and regenerative cycles, see 


A @ hy [1 = 0.000101 (4, — 4] (192) 


iy column corrected to temperature t, 


(of mercury column, 
601 
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observed temperature of mercury column, 
temperature to which column is to be referred. 


i 


Example 47. — If the height of mercury in a vacuum 
temperature 80 deg. fahr., and the barometer column is 
temperature 62 deg. fahr., transfer the readings to the d2«( h 


Paromoter 


Solution. — For the barometer: 
h = 29.85 [1 — 0.000101 (62 — 32)] = 20.77 9 


For the vacuum gage: 
h = 28.52 [1 — 0.000101 (80 — 32)] = 28.37 


= 1,44 in. 


Absolute back pressure = 29.77 — 28.37 = 1.40 in. 
Vacuum referred to 32-deg. standard = 29.92 — 1.40 = 

Wiliivale a given space 
perature is the same 
vapor is by itself or 
Hh vaporless gases; 
Him tension of a 
wt vapor at a given 
; ty the same whether 
Wy wenociated with 
; (4) in a mix- 
i} vapor the total 
Hal to the sum of 


In condenser work, it is common practice to refer 
vacuum gage to a 30-in. barometer, in which case it is 
crease the standard temperature of the mercury to sud 
increase the height of the barometer from 29.921 to 
deg. fahr. Thus, if the barometer and vacuum gage Trendy 
to a temperature of 58.15 deg. fahr. the difference } 
will give the absolute pressure in in. of mercury at 58.1% 
if the difference is subtracted from 30 in. the result will 
vacuum referred to a 30-in. barometer. According 10 
Power Code, a 30-in. barometer refers in round numb 





atmosphere with mercury at an ordinary temperature of ives, ‘The final 
therefore the com- 
mf the air P, and 
TABLE 65 per 7’), or, assum- 

PRESSURE OF AQUEOUS VAPOR PAliivation 

IN. OF MERCURY REFERRED TO 30-IN. TANG , 
rah, (198) 
i 2 3 4 5 6 #4) yolume, pres- 
Pature of air and 
wet 0.181 filer almospheric 
0.258 | 0.268 pinilitions follow 
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an. Height of mercury in vacuum gage 28.52 in., tempera- 
wury 80 deg. fahr., barometer 29.85 in., temperature 42 deg. 
iine the vacuum referred to a 30-in. barometer. 


lor the vacuum gage 
28.52 [1 — 0.000101 (80 — 58.15)] = 28.4€ in, 


h = 20.85 [1 — 0.000101 (42 — 58.15)] = 29.9 in. 
Weesure in in. of mercury at temperature 58.15 deg. fahr. = 
Peferved to 30-in. barometer = 80 — 1.44 = 28.56 in. 


1) Dalton’s Laws: (1) The mass of a given kind of vapor 






































Temperature of Mixture in Degrees Fahrenheit 
































0,2 0.3 0.4 0.5 0,6 0,70,80,91.0 15 2,0 
Weight of Water Vapor in Pounds per Pound of Air 


Fia. 335. Weight of Water Vapor in 1 lb. of 
Dry Air at Various Vacua and Tempera- 
tures. 


P,V,/7', = constant = 0,754 (194) 


of the dry air, in, of mercury at 82 deg. fahr., 


0.377 age 

0.542 .561 ilo 
0.766 | 0.792 ‘leal gas, we 

1.066 | 1.101 

1.465 | 1.511 

1.99 2.05 

2.67 2.75 

3.54 3.64 

4.65 4.77 

Al 1 th, of dry air, cu, ft., 


jporature of the dry air, deg. fahr. 
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Combining equations (193) and (194) and transposing, we {perature within the condenser in: the preceding example were 
‘ , the pressure of the air would be 0.129 in. of mercury, and 

= 0.754 T,/(P. — P " H, the | ' : ry, 
Ve of (Pe ° Vapor would be 1.031 in. Evidently the cooler the air-vapor 
According to Dalton’s law, Vz is also the volume of hwller will be the degree of vacuum. While it is desirable to 
when saturated with water vapor under condenser press wid water vapor as much as possible, the condensate should 
words, V, is the volume of air-vapor mixture at pressure i (he boiler at the highest possible temperature. In modern 


be exhausted in order to remove 1 lb. of dry air. Kn 
and pressure of the vapor content, it isa simple problem 
weight of vapor contained in 1 Ib. of dry air. The 

were calculated in this manner and serve to visualize this 


(lice this is accomplished by withdrawing the air and con- 
wiely, the former after it has been cooled by contact with 
Hijhes, the latter with as little contact as possible after con- 
peourred. 

+ in a device in which the process of condensation and sub- 
¥s\ of the air and condensed steam is continuous, the degree 
Wiiained depending upon the tightness of valves and joints, 
ff entrained air, and the temperature to which the condensed 

‘l 

of vacuum may be expressed in different ways. .(1) Excess 
vie pressure over the observed vacuum. For example, a 
liplies that the pressure of the atmosphere is 26 in. of 


Example 49. — If the absolute pressure in a condenser 
temperature of the air-vapor mixture 1s 100 deg. fahr., 
centage of air by weight in the mixture. 


Solution. — From steam tables, P, at 100 deg. faht, 
the corresponding density is 0.00285 lb. per cu. ft. ; 
Substituting P, = 1.93, P, = 4.00 and T, = 560 in 
and solving , 

V = (0.754 « 560) + (4.00 — 1.93) 


waihs {he pressure in the condenser. (2) Per cent of vacuum, 
The corresponding density is 1 + 204 = 0.00491 Ib. par wnt the ratio of the observed vacuum to the atmospheric 
Let v= volume of the condenser chamber » with the barometer standing at 30 in., a vacuum of 
; : ‘ pxpromsed as 100 XK 26 + 30 = 86.6 per cent vacuum. 
Then the total weight of the mixture 1s Peprowsion gives an idea of the efficiency of the condensing 
0.00491» + 0.00285v = 0.00776u Peeniple, the degree of vacuum indicated by 26 in. would 
a . J #ith & barometric pressure of 28 in., but only 84 per cent 
And the percentage of air in the mixture 1s | elev reuds 81 in. (38) Absolute pressure. Thus, a 26-in. 
0.00491v/0.00776v X 100 = 63.2 per cent } 4) & 80-in. barometer would be indicated as a pressure 
Example 50. — If the temperature within a condeliaaa i) ala, or 1.99 1b. persq.in. Preference is given to the 

and there is entrained with the steam 0.2 Ib. of air por : 
quired the maximum degree of vacuum obtainable. , iieweurement of the vacuum should be stated, since the 
) will be found at the air-pump suction, a higher 

ion. — ted steam at a tem _,". : ; 

Whe ore * Me os of 265.5 os ft. The corre uly of (he condenser, and the highest at the prime mover 


is 2.589 in. of Hg. This must also be the volume oc@tl 
air mixed with it, and the temperature of the air in 
(110 deg. fahr.). Then from equation (194), 


0.754(110 + 460) _ ma” 
Po “Seb 0a ~ 0500 in Oe 


Abn phe rio Pressure: Power, Nov. 20, 1923, p. 811. 


Auieous Vapor upon the Degree of Vacuum. — The 
tw to better the vacuum by exhausting the vapor is 


From equation (193), & specilic example. 


P, = 0.3824 + 2.589 = 2.913 in. of Hig. 
And the vacuum 


jiiired the volume of aqueous vapor to be withdrawn 
¢ operating under the following conditions, in order 
hw increased 1 lb, per sq. in.: Temperature of dis- 


= 20.021 — 2,018 = 27,01 in, fahr.; correspondingly vapor tension 4 in. of mer- 
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Miilensers may be classified, according to the nature of the 
Hin, as water-cooled, air-cooled or evaporative. In the latter 
jensation of the steam is brought about by the evaporation 


cury; barometer 30 in.; relative vacuum 26 in.; engine 
consumption 20 Ib. per hp-hr.; cooling water 25 lb. per Ih 
densed. 


Solution. — 100 X 20 X 25 = 50,000 Ib. of cooling water PAY or stream of water flowing across the surface of the tubes 
— 333 lb. of cooling water J Weimors may also be arranged, according to the relative poi tiil 
# anc water, as standard, in which the steam surrounds the 


Now, to increase the vacuum 1 Ib. per sq. in., approxi 
mercury, the temperature of the water must be lowered (0 © 
that is, 883 (125 — 102) = 19,159 B.t.u. must be abstr 
water in 1 min., or 19,159/1030 = 18.6 lb. of water must 

r min. (1030 = average heat of vaporization 
96 to 28 in. of vacuum.) Now, 1 lb. of vapor at 102 to 12h 
an average volume of 270 cu. ft.; therefore, 18.6 X 270 
of vapor must be exhausted per min. to increase the vael 
28 in., which, while not impossible is manifestly impractit 
a condenser. 


Water works, in which the steam is inside the tubes. 

vel Jot Condensers. — Figure 336 shows a section through 
i” chamber and water end of a low-level ; low-vacuum 
eltating the parallel-flow principle. This particular design 
fw condensing small quantities of 
WH) th, per hr. or less) where vacua 
we Hol necessary and where low first 
ie consideration. Unless the heat 
{ steam from the pump cylinder is 
Nwater heating or other purposes, the 
Hen required to operate the con- 
tw prohibitive because of the ex- 


218. Classification of Condensers. — Steam condensers 1h 


into two broad classes: 
Jet Condensers in which the steam and cooling water 





steam is condensed by direct contact. alor rate of the direct-acting type 
Surface Condensers in which the steam and cooling Pieration is as follows: 
separate chambers and the heat is abstracted from the jump is started, a partial vacuum 





= ee 


duction. W the suction chamber above the 





Jet condensers may be arranged with either parallel f ¥ i the cone F, As soon as suffi- ay 
condensed steam, cooling water, and non-condensable jeer exhausted, cooling water enters i 
same direction, and counter current in which the cooling Sealty depending upon’ the degree d 


rhwmber / and the suction head, 
} tito w fine spray by the adjust- 
mae D, The spray mingles with 
ean entering at A, and both move 
+) sliverse velocities. The steam 
Heat to the water and condenses. 


with its air entrainment flow against each other. Jet 
also be classified as low-level and barometric. In the 
densate and cooling water are removed and discharged 
pheric pressure by means of the pump, and in the latter, 
condensate and cooling water is effected by a pipe (34 ft, in 


called a tail pipe, or barometric column. With the le Fia. 336. Lowlavel “pom 


vacuum Jet Condenser 


injection or condensing water is lifted into the condenser the steam diminishes in its ACUTE 
by the vacuum, while, with the barometric type, an injed } 10 “oro, while the velocity of cal Direct-acting Steam- 
pump is necessary to overcome part of the lift to the cone lies according ‘to. the «laws. of iven Vacuum Pump. 
Jet condensers in which the cooling water, condensate lhe condensed steam, cooling water, and air coll 
condensable gases are withdrawn by a single piston puny of the condenser and ae exhiusted bs ye wae prwcwnsnad 
designated as low-vacuum condensers because of the lim ee are forced: through opening J ras a e sve = pump 
of the pump. In case the air-vapor mixture is remo Hier / will depend upon the vapor vaste — The 
pump or ejector, higher vacua are obtainable and the Hite of the well the anountiof air ower eats 


elowm, and the tightness of valves and joints. In case 
jinten in the condenser cone F’, either by reason of an 
w by © sluggishness or even stoppage of the pump, the 


as a high-vacuum jet condenser. Under certain cone 
and water can be removed by the kinetic action of the 
case the condenser is designated as a siphon or ejector 
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alr to break the vacuum, thus preventing further suction of 
} (he condenser and consequent flooding of the engine. A is the 
ition or “ priming” inlet used in starting up when the suction 
tlerable. 

Heiwers of the = 


Hin Vigs. 336 


condensing surface is reduced to a minimum, as soon as 4 
water reaches the spray pipe and the spray becomes subm 
a small annular surface of water is exposed to the exhaust 
vacuum is immediately broken, and the exhaust steam ese 
ing through the injection pipe and through the valves of & 
out the discharge pipe at J, forcing the water ahead of it; ¢ 


flooding of the steam cylinder cannot occur. In starting up hol common 
i a partial vacuum for indueii practice, be- 

eon Sag injection water into the condél Me limited ca- 
may be created by the pump He plvton type 

lift is not too great. Many ef pump. In 

ever, prefer to install a small practice the 

tion or priming pipe, the fur W ihe centrif- 

is to condense sufficient & fy type and 


) water are 
iawn sepa- 


the necessary partial vacuulll 
can be used only where the 
is less than 18 to 20 ft, abe 
supply. 
Figure 337 shows a sectié 
condensing chamber of & 
jet condenser with an auté 
breaking device. The viel if the com- 
either of the direct-acting OF 1 Mroulating 
the latter being more @06 Niven with 
use of steam. The injectié i, eonsid- . 
at opening marked “ injeoth Mrried into the condenser with the circulating water, and 
through the adjustable “ yal of the air necessitates a larger pump capacity thin is 

| a in a fine spray at an tw! with this type of condenser. Low-level jet con- 
Fic. 337. Section through Con- 45 degrees, and impinges densers may be operated with a 


weiitmM type 
Heer is not 
high vacua 
the limited 





High-vacuum Condenser. 









Hot-Well 


densing Chamber of a Low- gides of the upper cond r\. Meam i i 
level, Ri ecckospill Jet Con- The spray ‘elle Aa the on agi ee < ba si by ee 
ed totem Beooktee > Sp en Disctarge ping them with independent air 
Device. projecting ledges shown tt WW Noun and circulating pumps. Exam- 
tion. The ledges prevent | Hy)’ Hioam ples of this type of jet condenser 
falling directly to the bottom of the chamber, and i re are illustrated in Figs. 338 and 
mingling of steam and cooling water. A perforated imp Dea 340. Referring to Fig. 338, which 


substituted for the shelves when the force of the in} 
not sufficient to produce spray. The circulating water 
steam, together with the non-condensable gases, me 
the bottom of the chamber. The vacuum-breaking 

the right of the figure. When the rising water reaches 
float chamber, as in the case of an accidental stoppage 

the float is raised and forces a check valve from its 


gives a sectional view of the 

Mirough  Wostinghouse- Leblanc type of condenser, steam 
# Alt Purp. enters the condensing chamber 
! twete the cooling water injected through the spray 
lenwed steam and injection water fall to the bottom of 
removed by the centrifugal pump. The air-vapor 
wh from near the top of the condenser body where the 





| 
| 
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temperature is the lowest, into the suction inlet of the air p 
ring to Fig. 339 which shows a section through the air p 
seen that this device consists primarily of a multi-vane whe 
with an ejector. Sealing water is introduced into the ¢@ 
from which it is discharged through the “ distributor.” Tt 
up by the blades of th 
is rotated at a suital 
ejected into the discharg 
form of thin sheets 
velocity. These sheet#: 
the sides of the “ coll 
thus form a series of 
each of which entrap# 
of air and forces it @ 
atmospheric pressure, 
through the air pulp arr 
water receives practical 
in temperature, hene@ 
may be used over 
The air pump rotor 
runner are mounted On 
In starting up, the Go 
is turned into an a 
Fig. 339, for a few 
creating sufficient vad 
regular flow of water 
pump. 
Low-level jet condensers equipped with centrifugal vael 
also known as centrifugal jet condensers. They may be 
parallel-flow type, Fig. 338, with exhaust inlet at the top, oF 
current type, Fig. 341, where the exhaust steam enters Ab 
of the condenser. Cooling water may be drawn into the ¢ 
orifices, Fig. 338, thereby producing a spray, or it may 
through the chamber by a series of pans or trays which bj 
number of small streams and create a rain effect, Fig. 841, 
The air-vapor mixture is removed from the condensing ¢ 
vacuum pumps of the piston or rotative type, hydrau 
water” vacuum pumps, and steam ejectors. These aul 
described in paragraphs (280) to (286) and need not bo of tho latter is for the pur- 
For maximum capacity the temperature of the air-vap the velocity to pressure in order to overcome the re- 
be lowered to practically that of the injection water, “F iwaphore. The tail pipe is always filled with water to 
ally effected in the counterflow type because the air ) entering the body of the condenser. This design 


the coldest part of the circulating water in its passage to the air 
The same result may be obtained in the parallel-flow type by a 
tion of the air-pump suction opening. The parallel-flow prin- 






Rain-type, Low-level, Centrifugal Jet Condenser. 


iilvantage over the counterflow in that the kinetic action of 
part of the air-vapor mixture into the suction of the water 
fehy reduces the quantity to be handled by the air pump. 
Wine water, condensate, and air- 
tiny be discharged without the Water 
Melric column or vacuum pump, ab * 
Heelwn of the circulating water and 
m® Much a device is illustrated in 
fy generally known as an ejector 
Weferring to Fig. 342, it will be ' 
Hrouluting water passes through Chamber N 
| eonduit, the central body of 
tint with a number of inclined 
Heiee of the exhaust steam. The 
Water inlet is such as to convert 
ve to velocity. The high- aoe 
jet tneots the exhaust entering 
 Hreumferentially placed steam 
me the condensate with its Discharge 


Wiiinent into the tail pipe or PFyq, 342. Schutte “ Edue- 
eonduit, The gradually in- tor” Ejector Condenser. 





Fic. 340. C. H. Wheeler Low-level 
Jet Condenser. 


Exhaust 
Steam 
Inlet 
























































512 STEAM POWER PLANT ENGINEERING 


of. condenser is low in first cost and in cost of operation,” 


to comparatively small-sized units. 

The condenser should be installed vertically, with 3 ft. 0 
the strainer and the head of the condenser, and ‘should 
shown in Fig. 343. There should be a clear discharge of t 
ft. below the be 
the apparatus to 
water in the disel 
hotwell. It is 
the end of the d 
sealed under wat 
is a horizontal ¢ 
and a trap to 
the bend immed 
condenser. Exe 
denser of very 






Water Check 
Valve 
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jiore intimate contact with the steam. i 
Swinber through either side or top inlet, Be simtnesy 
ting Multi-jet condenser, shown in Fig. 344 iamates on th 
jie us the Eductor Condenser, but has, instoae of one pr} 
jel, « number of converging jets, meeting and forming a sin i 
wer part of the combining tube. This tube is cast in one ioe 
of a series of concentric nozzles of gradually diminishin 
sieum flows through the annular passages between the nozzle 
ii so that it impinges at a suitable angle on the octane 
line wivtish actory working under all conditions of load jiiailon 
iY engines to which these multi-jet condensers are attached 
Hiimury to supply the water to the condenser at a pressure at 
the water-inlet flanges, equal to a 21-ft. water column, or he 
" ih ? » Say, 
tilli-jot condensers are suitable for all sizes of prime movers 
HM) kW. capacity and in commercial operation are maintaining 














0 OB f of level of 
erence ) 500 in, referr : i 
Water supply and disdh ‘ 7 a in, referred to a 30-in. barometer with cooling water at 
Inlet sive thie! ell , om type of condenser requires more water than well 
. ‘evel jet condensers, but th 
water at the Come ivan tace , e absence of vacuum pumps may 
Discharge il { ihiayge. 
Fre. 343. Piping for Schutte Ejector allowance tor © 
Condenser. Any type of cite wee 
may be used for a BLE 66 
injection water. These condensers are made in all sizes, (NOH OF KOBRTING LOW-LEVEL MULTI-JET CONDENSER* 
exhaust-pipe diameters of 1 1/2 to 24 in. The same \ 
water is required as for jet condensing, and vacua of 26 1 2 3 "i 
been obtained under mercury Sty 
7h "Exhaust to Condenser DUPY cri rerecvcreves 29.22 
favorable conditions. * PIP? sraoyume _ uy Re i tie 5,2 28.00 27 04 7 ‘85 27 20 
es: ~ (ih of mere , . 2 
The multi-jet con- I" Bilon water, deg. fahr..... tap] 1.38. | 1.66) ) ney 
denser has been J _ ll, dog: ie Pe, MSF 80 84 7 a 
° . hee, deg, Cee, Ae 
especially designed reepondice ~ ea, 3 6 3 = 
for condensing larger Mi moroury............. 
a titi . Fh | FB | Re wiedees ie ay 1.334 
quantities of steam teh... |... Nek (ph 8.5 12 
than the ‘ Educ- 4 Pot taht aaa, 7,600 | 7,000 4 Cee 
tor Condenser”? and per th, of steam,....... 350 175 131 | 87.5 


maintaining a vacuum 
without the use of 
an air pump. The 
ratio of injection water per lb. of steam condensed is, f 
considerably less than that required for the Eductor © 
due to the fact that in the multi-jet condenser the- 
divided into a number of jets, the result of which is to b 


Fig. 344. Section through Conder 
Koerting Multi-jet Con 

















* Heport of Prime Movers, N.E.L.A., 18-22, 1922, p. 23 


le Condensers. —In the barometric type of jet con- 
iid wleam distribution system is substantially the same 
! type, but the circulating water and condensate are 
ondensing chamber by a barometric column or tail 
length to overcome the preasure of the atmosphere, 
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This necessitates locating the condensing chamber approx! 
Water is lifted to the cond 
by any suitable type of pump, and, while the vacuum will 
to a considerable height, it is custé 
only 18 ft. as the practical limit. 
mixture may be removed by any 
pump or ejector, or combination 
pump. Figure 345 shows a sect 
Ingersoll-Rand barometric conde 
The steam 
bottom of the condensing chat 
water at the top. The air-vape 
is withdrawn at the top after if 
to practically the temperature 
Moisture carried over W 
separated as indicated, and di 
hotwell by a small auxiliary 1 
style of condenser is very simp 
tion, having no moving parts to 


above the end of the tail pipe. 


To Vacuum Pump 


counter-flow type. 





water. 


or constructed ori- 
fices to become 
clogged. There is 
no need for vacuum 
breaking devices 
and the steam can 
be blown directly 
through the column 
if necessary. One 
of the chief objec- 
tions to this type 
of jet condenser is 
its extreme height. 
The barometric heater-condenser, which 
differs in no way from the standard baromet- 
ric-condenser design, has been used in power 
stations where the heat balance calls for this 
method of feedwater heating. The heater- 
condenser replaces the customary atmos- 
pheric heater and condenses the steam from 








Fie. 345. Ingersoll-Rand 
Barometric Condenser. 
(Counter Current.) 


the auxiliary steam drives and house turbine, utilising 
from the main surface condenser as cooling water, 


through the condensing } 


Figure 347 shows a section 
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CONDENSERS 515 
rie condenser with orifices and chamber arranged so th 
fwlion of the steam and circulating water will assist in te 


tondensate and air-vapor entrai i 
_ ainment into the hotwell 
|} Hevowsary for moderate vacua, since the velocity of the ie 


js sufficient to withdraw a limi 
imited quanti i i 
Where considerable air must be hendioa pe ul eee 
_ * , - um 
:" ary. Where the natural head of the circulatin 7 mA is 
} Hvercome the difference between the — 


# lift and head corresponding to vac- 
Mulating pump is necessary. Siphon 
WP capable of producing a high degree 
Wien the amount of air-vapor entrain- 
1, bul as a general rule they are not 





Atmospheric 
Relief Valve 


1 for vacua higher than 26 in. They Ont 
fl to comparatively small sizes. “4 
“in” Water: Jet Condensers. — In 
) the cooling water and exhaust steam 
the degree of vacuum is a function of 
Weelurge temperature and the amount 
able gases entrained with the steam 


water, The quantity of cooling 


(lepends upon its initial tempera- 


fature of the discharge water, and yaaa 
Wi the steam entering the condenser Ne 8 ee 
1) the low-pressure cylinder at Ass i i 
ii) eaturated, and there i i 
, re is no ai i 
To Wiener will corr pwned 1 ty 9 
: evil respond to the total heat of saturated 
) pressure. This condition is not likely to occur i 
“ ough steam usually carries considerable moisture Me, 
# oF low air entrained withit. F 
. Furthermore, t i 
i) 1) varying amounts, so that the total PE 
air 


viewer may be considerable 


. Neglecting radiation and 


heorbed by the coolin edium must be equa 0 tha: 

y The © gm di st , 
sean and its air entrainment. The heat ie bp 
A 


It = (Za bard 2) ip (q2 - Yo) (203) 


Hijeotion wate I 0 CoO 
or necessar t V 
4 ” mixture, 7, ¢ ndense and cool 1 lb. of 


tof the air-vapor mixtu 
hove 82 dog. fahr. re at condenser pressure, B,t.u. 


Hoe, 
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516 
. . . lb a 
go = heat of liquid of the discharge water, B.t.u. per Ds ~ Mibditions: nei es; 
go = heat of liquid of the injection water, B.t.u. per Ib. | por sq. in. abe, Supa iba ihp-hr. initial pres- 
fof injection water 70 deg. fahr. + vacuum 4 in. Hg. abs., 


In practice it is sufficiently accurate to neglect the infl , 
on the heat content of the exhaust steam and circulating , rom steam tables, H; = 1221; assume H, = 1 per ‘ 
mean specific heat of water under condenser conditions m L r per cen 
unity, so that equation (203) may be written, I] = 1221 — 0.01 (1221) — 2547/16 = 1050. 


B= (B= +82) 76 69 perature t, of vapor corresponding to an absolute pressure of 


| ) dew. fahr.1 Assume 
ill. 


Ht (hese values in equa- WE: 
CURVES SHOWING 
)_OPERATING| RESULTS WITH 
\_ARGE JET CONDENSERS 
THREE QUARTERS TO FULL LOAD 


| 


in which 
ent of the exhaust, B.t.u. per lb. above 32 


H = heat cont C 
tf = temperature of the mixed condensate and dis¢ nt 
MM) = 111 + 32) + 


fahr., 
t, = temperature of the injection water, deg. fahr. ata 4” 
wih the | per cent radia- 


fated 
AW 


an 


AN 





Ny 
WW 
AWG 
WY 


SHON 


© W2 lb. This small J 
Wiween the two cal- 
| | of I shows the 
ek ) ; Wweluding radiation 
H; = initial heat content of the steam entering the prime aia at 
af Determine the 

vt water necessary 

} for a high-vacuum 


per lb. above 32 deg. fahr., 
Hperating under the Ge, 


heat lost by radiation from the prime mover and 
tinne: ‘Turbine KL oy an 
| irbine uses 35 | < 4 |_| 


B.t.u. per lb. of steam admitted. 
per kwehr., initial ral dante 
Nii. 


A = extraction for power, B.t.u. per lb. of steam acim 
y 
} per aq. in, abs., ; 5 oo 
5 


Hee. fahe., vacuum 2 Temperature Difference between 








O, 


It has been shown (equation 146 


H=H;-H,-A 








WS 
| 


C 
a 


SS 
S 






Temperature of Inlet Water, Deg, Fahr. 
a 
oo 


BEEMAN SEE 
Zi 


H, 


$y 
G < , 


48s 





SS 


iy 
iy 


NY 

\Y 

A 
AY 

\\ 


r 
K 


\S 


= D> 


with a short connection (0% 
mmonly called “ radiationy 
eeds 1 per cent of the total 





In a well-lagged piston engine 
the loss to the surroundings, co 
0.3 to 2.0 per cent, but seldom exc 


and in a turbine this loss is even less, and 0.2 per cent it . fun 
allowance. In view of the uncertainty of the numerical : “> nb of injec- Outlet Water and Turbine Hxhanst 
of the factors entering into condenser calculations, it is sufl Mar. Fra. 348. Operating Results with Large 
for most purposes to ignore this small loss. Wii wtoam tables, Condadiiiiet! 
The temperature of the discharge water will approxim = 0) hwsume e; = 0.95; H, is so small that it 
} *oneidering the many assumptions which must fe mdi: 


vapor at its partial pressure. For air-free steam this will Honaldoring the mai 
that of vapor at total condenser pressure, In high-vacuuim | * in equation (146), noting that Wi = 13, we 
in which the air pressure is kept very low, the depression 
temperature will range from 6 to 10 degrees below that of 
denser pressure, and in the ordinary low-vacuum condenser 
from 15 to 25 degrees below. The shaded area in Pig. 
average range for a number of large installations. Soo 
the estimated quantity of air to be removed from jet con | 


le 52. — Determine the amount of cooling 
Ib, of steam for a standard low-vacuum jet condenser of 


i» 1262 — 3415 + (13 x 0.95) = 986. 
fh VY 5 = 87, 


ftiial fomperature in the condenser. 
tie to the partial pressure of the en in pens 
ture in the condenser is assumed to correspond to that of the 
ferperature depression of the hotwell is then based on this h u 
When the extent of air loakage and entrainment is kn the 
woidenser may be readily calculated, yc Ae 































518 STEAM POWER PLANT ENGINEERING 
4 F - CONDENSERS 
Substitute tf, = 87, t = 79, and H = 986 in equation (20 Mpulati aul 519 
thus: ng water should pass throu 
| ' : bes gh the ; 
Wit at a velocity consistent with high iif pam vs 
. gure 349 


986 — 87 + 32 
aT » a ai 54.8 Ib. Wlically correct condenser shape which embodies the pri 
prin- 
222. Water-cooled Surface Condensers. — With the exe woe ce ee oe 
water-works condenser, in which the weight of steam to t } we r Zoe Dich 
is but a fraction of the weight of water passing, and in which t 
resistances are to be kept very low, all water-cooled surf 
are of the water-tube type; that is, the water is forced throu 
The latter vary in size from 5/8-in. outside diameter to 1 
depending upon cleanliness of the circulating water and | 
condenser. They are composed of various alloys, usually 
(60 copper — 40 zine) and ordinary brass for reasonably p 
and Admiralty brass (70 copper —929 zine —1 tin) for sea Wal 
river waters. The tubes are generally held in tube shee 
Muntz metal or Admiralty brass, by screwed brass fe ile 
lace, fiber, or metallic packing, as shown in Fig. 354. In 
tubes are expanded into one tube sheet and packed in the 6 
in others they are expanded in both tube sheets. In the 
vision must be made for expansion due to change in temp 
condenser shells are constructed in various shapes and 
iron or steel. In the single-pass condenser there is but Of 
water box between the tube sheets and condenser head 
two-pass construction, the heads are divided into two ¢6 
that the circulating water will pass through one bank of t 
through the other. The exhaust from the engine or turbine ' 


denser shell at the top and circulates about the tubes de 
condenser. Condensate if 


the bottom of the shell at \ 
mixture from various Pole 
shown later. ; 

For high efficiency (1) stem 
the condenser with the least 
ance and the pressure dre 
“ hould | 
ria. B40, Thooretivally Correct condenser shou d ve reduced 

CG (2) air should be rapidly @ 
condenser Shape. she ihe monn 
heat-transmitting surfac 5 
for almu. fy 


suitable places, freed from entrained water, and rem i. 

temperature with least expenditure of mechanical energy) Wf the pers Ft. 851. Wheeler Admiralty Condenser Equi 

should also be rapidly cleared from the heat-transmitting owt illus. ment (Centrifugal-type Auxiliary a = 
plive examples, ; 


from air and returned to the boilers at the maximum f 
f motion of a Wheeler Admiralty surface-condenser 
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wes of 
am Cylinder 
Circulating Pump 


hy or Admira ty Surface ( Jondenser E url ~ 
“ wl ] y 
: ) iq’ pment (Piston type 


ee: It will be noted that the tub face 
." 0! the steam is a maximum at the exh sit inh 
rrahatee exhaust inlet and 


) tlie Lo con- 
Alfevapor mix. 
my to tho dis- 

Heh velocity 
PME drop, 
W wravitates 
W tubes di- 
Well without 
Midooeding 
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equipment illustrating a well-known design which is in’ 
engines or turbines and where vacua higher than 26 in. 
The condenser is of the two-pass type and is mounted @ 
circulating and wet-air pump of the piston type. Since eon 
simplicity are of prime importance in this design and effit 
moment, no attempt is made to follow the principles of the! 
correct’? shape. By installing independent circulating and 
and by providing a suitable air ejector as shown in Fig, 35) 


may be considerably improved. 4 
Figure 352 shows the tube arrangement of the Alberger § 


of the bank of tubes. The direction of flow of the gases is 
. #1 the center of the tube bank, at which point a connection 
Phe vir removal apparatus. The condensate at the bottom of 
) body is in contact with the exhaust steam. It is thus 
the pat : of the steam flow is convergent and that the con- 
MOVE’ 

perature, ‘Opening BG by 160" 

Hie the 
Hiliented 


condenser showing a practical application of the basic pring ® u 
in Fig. 349. The shell condenser heads and water boxe# . i, 
and the tube sheets are of brass. The tubes are expanded wie 


sheet, and in | 
_Eihaust Steam Tale are packed wi 
packing held 
means of screw! 


ue for 
1 top to 
Hinn to 


lanes, 








Circulating 


























Water Outlet arom t 
potaeedd ; PEee, SB lugs thus 5 
Second Pass 22 th ee Na hot 
be Le ae IN sion or contrad twin 
Hae Se, 7 Se EM \ u 
5 a ee Aa BA S8y\air Pomp denser heads 
Ue Het , irop 
NSO 1 eee Har 
ey, Fis circulating loatod! 
f “ mm 
% ‘ Circulating “" J 
58. Water Inlet through one vay i 
First Poss §=©and return Uhr sont! 
4 willy 
@ondensate Steam enters to ig 
» h 
Fra. 352. Tube Layout — Alberger “Spiroflo”’ rectangular, Pietlon 


ting dome, 
the full lengl oe i 
denser shell. The sides of this distributing dome #lé Mor 
become tangent to the main shell, leaving an are of ne ly ath wl 
the tube surface exposed to the entering steam. ‘The mile, 
when taken in connection with the steam lanes and the patio 
tubes, reduce the area of the path of steam in propo mn 
flowing. The air-vapor mixture is drawn across & bank 
duced to practically the temperature of the inlet cireu Hip 
ing exhausted by the air pump. The circulatin 
pce to the eee teva culating Wa J . With the high dome and central lane, the maximum 
Figure 353 shows the tube arrangement for a 50,000 aq, f ! 6 the incoming steam. The tubes in the upper pass 
eurface condenser which is of the radial flow type anf - " (he lower, permitting easy flow with minimum 
ments of the correct principles outlined in Fig. 340. Th i" 
upon entering the peer body under its condita of nd condenser, Fig, 356, the tubes are arranged in 
volume, finds admission to the condensing surface at all HHielating of a few rows on the same spacing. At the 
very wide both between the tubes and between rows. 


Condenser. 





Wty ‘a. 858. Tube § 
”" ‘ Ita, 853, Tube Sheet — 50,000 sq. ft. Westinghouse 
Hho Surface Condenser. 
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The tubes in successive stages are arranged on § 

centers as indicated. Th 
shaped and terminates in 
The circulating water is fo 


two upper groups in which 


wer Design: Trans. A.S.M.E., Vol. 4 
Mant Engrg., May 15, 1924, p. 530. Se ees 


Yule Packing: Report of Prime Movers Committee, N.E.L.A., 1923 
.ELA., . 








Minimum Tube 


i] 
Plate Thickness 


v-6— 0 















a single pass to the ie AWE SRO Ki 
circulating water is shunted (XXX) AY sat 
flowing through these im [Pe srunueze OAR Inlet 


Himnnaninnnnencnaninaunes 
Nee a ee DNL AXING 
Sidiannnnnivuiinncionninn (ile 
Diy gee QQ OOD OOOO i 

" ~<¥ ve-F >: —9—---— 6— 


charges into the bottom pill 
denser. It then flows to 
it joins the main body of 
































. . } J ee Re eae" ahs eee 
circulating pumps are used, N\*s Nereeeeernewenaen . 
Cotton Corset Lace 8 Pp ¥ P Pi, : at) savanene Utena oon 
Packing Strings as shown in Fig. 356, give BO XY) iconanuns REAR ES / Water) 
42/long ° Fy ° W\ Won vg ae ows 13 a OX 8 Inlet R&@) 
' circulation at different vel sblauniasatonnai antes in SS 
. ‘ a ne eves 8 
xa. 854. Condenser sections. Section “A” al NS " = 
ie 3 . . \ AN x FRERER RRL MER BOS 
Tube Packing. efficiency, even with very ole St SH an 7 
loads. The lower sections, 7 Se ZZ 
=, nemporne ¢ 


in efficiency, and the water 
supply should be reduced in 
these independently of section 
seme? ® 
Single-pass condensers are 
frequently installed where first 
cost is to be kept down and 
where high vacua are not 


Water Inlet ~Y 
from Gooler -} 


AND, 


Pi, W460, Tube Sheet — Ingersoll-Rand Condenser. 


Water: Surface Condensers. — Since the heat absorbed 
oo" must equal that given up by the exhaust, neglecting 
Kaue, the amount of cooling water may be determined 











essential; however, they are §/ 

not necessarily inefficient, since 4 R= (He, — we eee 

(1) by the use of small diam- 4 ( q) + (2 — @) (205) 
eter tubes any desired ve- 

locity may be obtained, (2) © heat of liquid of the condensate, discharge and inlet 
by proper distribution of the Hively, B.t.u. per lb. above 32 deg. fahr. 

tube surface, blanketing may i in equation (203), 


be reduced to a minimum, 
and (3) by the application 
of high-capacity air extractors 
results may be obtained com- 
arable with any multi-pass “bo my F 
edeenent. A notable in- 730, 0. oe Sheets 
stallation of a high-vacuum pe 
single-pass surface-condenser is in the Saginaw f 
the Consumers Power Company, Zilwaukee, Mich, 
1924, p. 122.) 


how! content of the air entrainment and assuming a 
Hpeeiiic heat of unity for water, equation (205) may be 


Rm (H — t; +32) + —#,) (206) 


Hiive of the condensate, deg. fahr. 
fein equation (204), 


lowevacuum surface condenser, the depression of the 
{\, below that corresponding to the total pressure in 
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mn (146) 
H = 1184 — 2547/16 = 1025. 


the condenser, may range from 10 to 25 deg. fahr. depei 
amount of air entrainment and the pressure drop through 
An average figure is 15 deg. fahr. The temperature © 
water tf, may also range from 15 to 30 deg. fahr. below th 
to the total pressure in the condenser. An average figure im {,— 15 = tee 20 
For high-vacuum work the proper amount of circula Hee (1025 — 111 + 32) > (106 ore 7) = 
servatively reached when 15 deg. fahr. is added to the Be hich-vacwiin ee = 26.3 lb. 
condensing water. This gives the proper velocity, at not ¢ Wetight system, the tem sintered in connection with 
for good tube efficiency. Some conditions might wary fee lower than that corresponding to ‘ re const eee 
to 10 deg., which would require 50 per cent more water mt . ive, and the temperature of the Rcd ae pin bee i = 
240 per cent additional pumping power. gpa thet corresponding to the vacuum. The prep 
The following empirical rule for determining the termi yi Sorgertanye$ we ia Beg inlet to air-pump suction 
tween the temperature of the steam corresponding to th ZNO in, with an crete oe rate of driving, and 
condenser and that of the circulating water discharge give rated load of approximately 


ing substantially with average surface-condenser practice ” 


tl 


(HMigh-vacuum surface 
condenser. i i 
Heeensary to cool and condense Secptiiene pai: 


ta = = to 
Hie) ‘Turbine uses 12 Ib. ste. i 
| ; ‘ . steam - iti 
ae : fi aba, superheat 150 deg. fabr., len gee ag 
fle. fahr., vacuum 1.5 in. Hg. abs ss se 


ta = terminal difference, deg. fahr, 
t = temperature corresponding to saturated vapor pre 

t. = initial temperature of the circulating water, dog. 
p. = pressure of saturated vapor corresponding to 
of mercury, 


Pi steam tables, H; = 1283. Assume e = 0.95 d 
: =U, ani 


ll 


thee values in equation (146) 
He 1283 — 8415 + (12 x 0.95) = 983. 


B = coefficient, as follows: Hie lomperature of vapor at 1.5 in. abs., t, = 91.7 d 
E : bs = $ eg. 

VALUE oF corrricrentT B i, = = 88.7. From equation (206a), t, — ty = 10.1 

Vacuum, In. B Vacuum, In. B i 10,1 81.6 me 


HA = B7 + 32 





ee eee 
1.00 0.20 0.35 ii 7 = 79.8 lb. 
1.25 0.25 0.40 
1.50 0.30 0.45 
Witeston through Condenser Tubes. — Numerous in 





heen conducted on special laboratory apparatus and on 


Rect ny pats in be veoh birt ‘ni ime | wryiee for determining the heat transmission th 

a = Zs pe eae , (j ‘ ’ " twit ihe laws based on these results have b : rough 

a 4 ; Wee engine practice where the vacua are sada ea 
y 


Hen! in design is unnecessary and simple empirical 
Hite the extent of cooling surface are aittictadle 
iD high vacuum practice, however, particularly in 
Where a fraction of an inch of change in va 
mommy of the prime mover, and where thou 
surfave are involved in a single unit, the older empiri- 
} to serious error, Despite the tremendous deatioe 


Example 54.— (Low-vacuum condenser.) Required 
cooling water necessary to cool and condense 1 Ib, 
following conditions: Engine uses 16 lb. steam per indiem 
pressure 140 Ib. per sq. in, abs., quality 0.99, initial 
cooling water 70 deg. fahr., vacuum 4 in, Hg. abs. 


Solution. — From the Mollier diagram or by ¢ 
tables, H; = 1184 (approx.), ty = 126, neglecting 
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‘igo of air on the steam side of the tubes: 
: ; ‘,¢ the past few years, the art | ‘ 
a oe “aa Ba the beet rules are subject to Velocity of the water in the tubes ; 
ao! a ti! water blanketing on the steam side of the tubes ; 
3 >, t of surface condenser, neglecting radiation ty of the circulating water. 
n any type 


heat absorbed by the cooling water, SUd, must be eq! 
up by the exhaust, Wm (Hm — 4%), OF 
SUd = Um (Hn — &») 


WiAlerial coefficient, m, of plain copper tubes as 1.00, under 
jie the heat transfer for other materials is approximately 
piralty brass, 0.98, Muntz metal 0.95, tin 0.79, Admiralty 


Monel metal 0.74, and Shelby steel 0.63. Corrosion, oxida- 
in which ‘ i Mt lave a marked effect in reducing the heat transference 
S = extent of cooling suriace, Sq, 1¥., ‘ont of the conductivity as much as 50 per cent. (See Fig. 357.) 
‘ ined mean coefficient 
U = experimentally determine 


B.t.u. per hr., per deg. fahr. difference in 
sq. ft. 
d= pine temperature difference between the # 
lating water, deg. fahr., 
Wp, = weight of condensate plus the air entrainment 
H, = heat content of the exhaust steam, moisture 
z B.t.u. per Ib. above 32 deg. fahr., 
qi = heat of liquid of the condensate. 


From equation (207) S = Wm (Hn — u) + Ud 


In view of the liberal factor allowed in estimating 


DECREASE IN HEAT TRANSMISSION 
OF ay, 
CONDENSER TUBES DUE TO EXTENDED 
SERVICE IN CONDENSER, ALL ADMIRALTY 
MIXTURE TUBES 














N.E.LIA. May 


0 8000 
5 Jue of d the in \. oom Senta Service ie tadiodie 
he uncertainty of the true va rd 
rane : Sal air entrainment becomes negligible and Fia. 357. 
con 
be written: Pere ee 32) + Ud HwMivlent, ¢, is about 0.9 for such waters as those of New 
» ‘the coefficient of heat transfer appears to decrease 

in which i) diameter, but since the 1-in. tube, No. 18 B. W. G., 

w = weight of condensate, ee oy a. 3 ae yi) in use this factor need not be considered for any 

steam, B.t.u. 
H = heat content of the exhaus 


t; = temperature of the condensate, deg. fahr. 


The coefficient U, as used in equations ete 
average value for the entire surface Ph } * a 
latter varies widely for different parts of the why: ont A 
varies from more than 1000 for air-free vapor ‘ “a 
(where the steam comes directly into apne yer 
to less than 50 in the bottom row (where tl ‘p a 
blanketed with the condensed steam), and 40, { is . 
only by air. Tests by various investigators 8 7 
of U for a given temperature difference varies W 


(a) material, thickness, size, shape, and cleantines# 


(b) velocity of water through the tubes; 


Pwr Tubes: Elec. Jour., July, 1921, p. 313. Elec. World, 


the velocity of the water through the tubes on the 
Hihwlor |s illustrated in Fig. 358 and Fig. 362. Accord- 
lie of U, other conditions remaining constant, varies 
Milare root or six-tenths power of the velocity. For 
Hin condenser the velocity through 1-in. standard 
N11, per sec., whereas velocities as high as 8 ft, per 
} i) the high-vacuum type. An average value for 
lixoopt for a very low rate of flow (below that 
Hino), critical velocities need not be considered. 
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The effect of air on the heat transference is very mars ( 
Figs. 360-62. The depression of the hotwell temperatur 



































































































responding to aoe x reported, grouped | | 
or equal site 
o 10] be reduced of the Ss ra 
A\_}? | 1s Certain desi © © 110 Deg. Kahr: / % 

( 4 @ 6100 « 4 i o 4s 
=) condensers ™ Bald «6, ee 
7 700 « KeOhuw oa mars eo 
d temperatures wat a | « Pp FAO'S: 

3 A 2 an th AAA 
“ow an the @ ZO Tate) 
3 ture in the © IAA lt ¥ 
7 ; 3 
3 500 tests have La P= Px | 
§ { several other | a 
3 400 — 8 the depre | 
3 . D: 
; Orrok’s it ¥ 1 Beefeater 
@ ° ‘ iameter of \ in, Be 
lal Thee that air ent . 
3 i Weighton————— the heat ti 
| ——————— 

pq 200 5 pa ae mately acco) 

6 Stanton _—____——_- i 4 ; 

7 Joule_—___— (po — Po)" 

100 H Aeaaat Garland. pressure 0 om 4 
and__ "sdeunt el 20 
in Oveck ocity” of Circuit 30 
p, the total pm Mardi sina Water, 
1 2 3 4 5 6 condenser. llate of Heat T: 
‘Velocity circulating water-ft.per sec. “ of Heat Transfer, Results of Tests by Geo. A. O 
The value . A. Orrok. 
Fig. 358. Variation of Heat Transmission . within 
with Water Velocity. TR, 


for tight ¢or 


cient air pumps it may be taken as 0.95. 
Treat Transference for Alr. 















The Electrical Method of Detecting Surface Condenser Leakage? 
p. 217; Jan. 24, 1922, p. 126. 

Air in Boiler Feedwater and Condenser: Power, March 1, 1021, 

How External Air Cooling Increases the Effectiveness of © 
Power, May 13, 1924, p. 769. 


2 Shite 
ib Soe 
Yea 


The reduction in heat transmission due to the thicle 


Q 
















‘U =Emiciency of Heat Transterence” 


BTU. per Sq. Ft. per Deg. F. Diff. per HY, 










both sides of the tubes has been expressed mathematlh aS i 
tomary in condenser design to include this factor in the | | eap= 
U.! a” / 

The coefficient of heat transmission increases with ye? Puan | 
ture of the circulating water; that is, the warmer Ee ma 

lower the vacuum, the smaller will be the mean tempe Hts A 0 ae 

to transmit a practically constant amount of heat thre Yarrs frye | 






According to Orrok, < 
60 60. 70 


— 
aaven Rate of Toe, oh ale t-ees es 
Nia, 861, 


Of Mereury 


U = kepmv °°/d' 





i ee team 





Heat Transmission — Steam 


1 'Trans, A.8.M.E., Vol. 35, 1915, p. O75 Indus, and Hage © Teles 
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530 
rer E Miture difference at any instant; but the instantaneous tem- 
U = mean coefficient as previously defined and as Wence 1s indeterminate, consequently it is necessary to 
with equations (208) and (209), Average or mean temperature difference for the whole period 
= experimentally determined coefficient = 350 for Mitwot of the steam and circulating water. 
conditions, fMiiperature of the steam or hot substance, 
¢ = cleanliness coefficient, Miy Inomentary temperature of the circulating water, 
p = air richness ratio = (D> + Do, Wilial temperature of the circulating water, 
ste exterial coefficient, ‘ fia! tomperature of the circulating water, 
» = velocity through the tube, ft. per sec., Hiean lemperature difference, 
d = logarithmic mean temperature difference. Weight of circulating water, Ib. per hr., 
Pent of cooling surface, sq. ft., 
800 Hilwntancous value of the coefficient of heat transfer 
' ’ 1 nT > ’ 
4 |_| 1 HAN coefficient of heat transfer for the entire period of heat 
G 700 Pehange. 
5 RELATION BETWEEN COEFFICIENT) OF HEA 
he a i" ANG TEMPERATURE DEPRESSIO Hives deg. fahr. 
fies at ~ (ransmitted per hour through the elementary surface 
n + T 
ba [ Cl ¥ Wiiperature rise for this period is dt, the heat absorbed by 
: 300 r a “5 Water per hour is Qdt (theoretically this should be cQdt in 
+4 200 se Oublo Foot Free Air per Minute—N. Y, Edison Curve? 2 
i=) i a { , 3 4 5 6 7 
100 iF | 1 F 
Oo 5 1015 20 2% 30 3% my | i: : 
Depression of Hotwell Water Tompersrare below Vaoutiitt he | | | | =o t is 7 
Fra. 362. an HHH et ; 201 
| lit BS saeuuesensoc 98 
The following empirical rule, based on average good wal {|| | gee id : 
and clean condenser tubes, gives values of U which Pe edaneres : ; 
with current practice in condenser design _ | b + =a i. i 
“I aot sopaensett 14 wo 
U = 43.6 w/t, Vo = K vo i | REGS SOS Semmes oor ‘ 
i" ae shee Faron hepa ai ete A 3 i 
i) || stat preety’ ne fe & 
VALUE OF K FOR VARIOUS INITIAL TEMPERATURDS OF OF I We a i 7 i ead hae) 
v Hehe Peet Pree Ale por Minute—Detroit Edison-Curvost oes and : 
on Te, K 9 bal K | Hives howing Effect of Air Leakage on Condenser Efficiency. 
72 CRA —————$——l— Hien wpecific heat of the water, but for all practical pur- 
40 145 a9 a ff ¢ tay be taken as unity). 
4 ed 70 180 Hiitiew must be equal, or 
U, (4, = t) dS = Qdt, (212) 
Mean Temperature Difference. — It is definitely 
of heat passing through the cooling surface is pro dS = Qdt + Uy (y= 0). (213) 
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rtheliern pallme@Ot the steam is assumed to be cons jal practice, and U is assumed to be constant 


ent of ¢, and if the heat transmitted per hour is assumee 





proportional to temperature difference, U is likewise in Qdi = U (t; — t)" dS (220) 
and U; = U; therefore the relation between rise in temp Be and reducing 
circulating water and the surface traversed becomes 3 
dt 8 ae sh MORI Ta 
s-aUx fi coe UL — &)*= (he = 4) Im (221) 
= Q/U X loge [(ts — to) * pion 
For the whole period of transfer, SUd* = Q (b — t,) (222) 
SUd = @ (h — t) d | i 
(t, — t.)'-" — (t, — t)-* (223) 


d=Q (4h — +t) + US 


Combining equations (215) and (217) and reducing, 
d = (h - to) + loge [tse t.) + Gee ty) 


Wh ws the exponential mean temperature difference, Orrok’s! 
lead to « value of n = 0.875. Loeb? assigns a value of n = 
i! the uncertainty of the value of U, it is sufficiently accu- 


pair ON to take n = unity, which results in the logarithmic 
fire difference. 


MH Myuation (206) 

R = (H — t, + 32) + (h — 4) 
HiAtion (218) 

dm (y= t) + loge — t) + (4 - 0) 


theme values of R and d in equation (209) and solving, we 
. “ . . . . 
#! rule for heat transmission in surface condensers 
? 


This is known as the logarithmic mean temperature 
the one most commonly used in condenser design. 














' R be = 
Sa V2 wn 
U loge 4 oi dh (224) 




















Fig. 364. Rise of Circulating-water Temperature in 


Condenser Tubes. Hf eondensate, Ib. per hr., 


Weight of circulating water to condensate or the Ib. of 


5 — (te + to) (i water per Ib. of condensate, 


sb a --tienetio due Wielent of heat transfer, B.t.u. per hr. per sq. ft. per 
used only for rough calculation or where other infl Hiinio mean temperature difference, | 
ie of the steam, 


only be approximated. In general, when the temperit 
mately 20 deg. and where the difference between 
temperature and steam temperature exceeds 15 dog, f 
and logarithmic methods give substantially the same 
the difference is less than 15 deg. this is not true, 

If the quantity of heat transmitted per hour is pi 
power of the instantaneous temperature difference, 


ire of the discharge water, deg. fahr., 
ie of the intake water, deg. fahr. 


following general rule for high-vacuum surface con. 


 AAM.E,, Nov., 1916, 


, Aim, Soo, Naval Engrs, Vol. 27, May, 19 
ABM, Vol88, 1016, 
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jn U = 300. According t ti 211), U = 300f = 
densers operating under favorable conditions } 1 ap otra ae 
fi these values in equation (209) and reducing 
iS = pow [« — t,t — (is — 1) | ®© 16,000 (1025 — 116 + 32) + 300 xX 38 = 1320 sq. ft. 


ponds to approximately 12.1 lb. of condensate per hr. per sq. 
iyineo, An average figure commonly quoted for engine con- 
{ \" of steam per hr. per sq. ft. of tube surface for 24 to 26-in. 

1) 70-degree cooling water. A rough rule is to allow 2 sq. ft. 
Hii favo per i.hp. 


The number of tubes of given diameter and nid 
a given quantity of water per hr. at a predetermine 
calculated as follows: 


i i tube, in. 
Let d = outside diameter of the , in., . 
n = number of tubes in each pass of the condenser 








h TABLE 67 
1 = length of water travel, or total tube length, hoers or 50,000 sq. Fr. SURFACE CONDENSERS 
Then, S= mdnl/12, whence 1 = et Ne Indox ‘ 1 2 3 4 
By simple arithmetical calculation it may be shown th J] 
+ 12330v(d — 21)? privy at 58.1 deg. fahr......} 29.93 30.07 30.00 30.38 
n=Q+ v b Diy Gt 08,1 dog. fabr......... 28.51 | 28.04] 28.61] 29.37 
in which t = thickness of the tube, In. me. iv of BER e. ccs eee 1.32 2.03 1.39 1.01 
Hee fahr.: 
Example 66.— (Low-vacuum condenser.) Approx : SEE) 2 | get | o's | p00 
of condenser cooling surface for a 1000-hp. compoun I oa cs bsivlend owes se $3.0 86.4 80.9 58.0 
der the following conditions: Water rate 16 Ib. per 4 Sa ete skee oe oe ei 4.8 11.3 10.1 8.0 
unaer REIT lit 0.99 inlet of fee VAOUUM............. 91.6 100.6 89.4 65.3 
steam pressure 140 Ib. abs., initial quality ’ : Bbivenie and steam 4.6 9.1 3.4 3.3 
circulating water 70 deg. fahr., vacuum 4 1n. Hg. oa min (log) Levccsececd] GIS] ites Siam 9.41 
Kanaaord orresponding to 4 wi Mr, sonapoicls pertah abies 1s 373.7 357.0 ek 
4 _— steam tables Cc o., (housands........... 2.5 63.8 64.7 1.5 
is. (iron equation *(146), H = 867.6 © § ii" BE PRP eV ve teres es av ae ree 119.0 
° . it POP MIM cece eee eee } ‘ * AL Oy re ew 
ryt LETTS, aap denser, considerable air will meet (iaiwininsion,.......... 322 372 490 598 
se into the condenser, and the hotwell depression | a : 
the steam into the h a ession to be 10 dog ) Sevonty-fourth St. Station, Interborough Rapid Trans., 1916. 
5 to 20 degrees; ae Ae t i oe $8 | Pifiyeninth St. Station, Interborough Rapid Trans., 1920. 
st Sa + Prisiecti: ~ fy greater than ty and Williatuaburg Station, Brooklyn Rapid Trans., 1920. 


nearer ft, is to to, the greater must be the quantity 0 cine 


Ib. of condensate. On the other hand, the nearer ty is 1) _ (lighevacuum condenser.) Calculate the amount of 
. of con E : 


, hence the greater 1 PHiiived for a 10,000-kw. turbine operating under the follow- 

mean temperature pairs cap) one oH When water | Water rate 12.0 lb. per kw-hr., initial absolute pressure 

surface for a given be small, f, may be given & lower 4 ii, superheat 150 deg. fahr., temperature of circulating 

head ee pyre dinette head is large. In avel sy, vacuum 1.5 in. Hg. abs., water velocity through tubes 

oy sadhana pete range from 5 to 20 degrees below (fh pooling surface to consist of 1-in. (18 B.W.G.) Admiralty 
ens = 

10 ia, then f = ti — 10 = 116 — 10 = 106 dow: 


ives f = 105.5. , : 
ieee of the great latitude in assuming values of t 
ciently accurate to use the arithmetical mean, or 


d = 126 — (70 + 106)/2 = 38,0. 


i tice a very liberal factor is allowed 
fort Hf ocaune of the possible reduction In heat t 
the deposit of cylinder oil on the tubes and boca of ¢ 
ment, For the usual engine type of condenser ; 


‘ ‘waximum theoretical efficiency t = t: =t;. This 
ile only for air-free vapor, perfect heat transmission, 
I i dvop between turbine nozzle and air-pump suction. 
jos, 4, corresponding to an absolute back pressure of 1.5 
wie tf) @ ty — 8 = 91.7 — 3 = 88.7, The temperature 

ie varios from t; = 4, — 0 to t; = t, ~ 4 deg. fahr., and 
=» t ~ 4 to t — 12 deg, fahr, From equation (206a) 
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Example 55, the conditions of which are the & Him these values in equation (224), 
From Exam , 


; 12 X 10,000 X< 81.6 91.7 — 70 

2 79.8: t = 81.6. oe ee & log, 

example, sh ine Be be ocigned for the maximum load 440 x (e917 81.6 
Rone + an is at its highest temperature, and where ' 22,250 X 0.7655 = 17,000 sq. ft. (approx.). 

oe. fs be obtainable a suitable factor should be allé 

water e 


ts of air, 
idi nd the presence of undue amoun 
amen fe aine of U is ordinarily assumed ne a 
everyiiall in first-class shape. According to equa 

for a velocity of 6 ft. per sec. 


Hit to 1.7 sq. ft. per kw. of turbine rating. 
8 and 69 for modern condenser proportions. 


Myuipment: Report of Prime Movers Committee, N.E.L.A., Jan., 1926. 


the Heonomical Interval between Cleanings of Condenser Tubes: Power, 
bf) MOS ; 


TABLE 68 - mir Surface Condensers. — Ordinary atmospheric air may be 
TIO j : 
MODERN SURFACE-CONDENSER PROPOR Miilensing and cooling medium for surface condensers, but the 


Initial pressure 275 Ib. gage and under. WY to be circulated and the extent of cooling surface necessary 


Initial temperature 600 deg. fahr. and under. 




















No bleeding stages. tloalved results are very high because of the low density and 
j Size of Turbo- | Tube Mug of the air and the poor heat transmission from steam to air. 

Sizo of Turbo- | Tube Surface it Diet Taneratae Sa. Phy PAjuirod to circulate the air 18 also very high. A few plants 
igepstntor # Aveiralin and in Central Africa were equipped with dry-air 
500 1,500 3.00-3 .50 10,000 le Wh the early days when the internal combustion engine was 
1000 2750 2.75-8.25 pe 32,00 } Hii! long distance transmission lines were unknown, but they 
2000 pee Aiea 35,000 56,000 Wi been abandoned and no new plant of this type has been 
7300 13°500 1.80-2.25 40,000 60,009 years, ‘The modern steam automobile is an example of the 
VOOR 2 NTN AID SPD Se Wf Wimospheric air for condensing steam, but the quantities 


TABLE 69 
LARGE SURFACE-CONDENSER INSTALLATIONS 
(1921-1924) 


tiiparatively small and no other cooling medium is avail- 
Hilew of the enormous extent of cooling surface and the tre- 
Hime of air necessary to cool even a small quantity of steam 

















ly the performance of the old abandoned air-cooled plant 
Size of Turbo- | _Initial | Stour WH Walgoorlic, West Australia. The plant, rated at 2000 hp., 
: generator, Pressure Doe Kahr. : f . : 
Station ia Lb. Gage & ») {1 of condenser surface and required 600,000 cu. ft. of air 
OPE eee } lou, fahr, to condense the steam at rated load. The fans 
Cahokia........--+-+ 30,000 a & Hy required 200 hp. or 10 per cent of the station output for 
Barbados.......----- os 300 622 | ‘The vacuum ranged from 3.6 in. (referred to 30-in. 
SR icy 0,000 2065 et tH) aly wt 108 deg. fahr. temperature to 22 in. with air at 43 
*Gennevilliers......- ) 250 607 
Hell Gate ae 50000 pa oan Hf wir, under atmospheric conditions, necessary to condense 
Kearney... a ee 275 609 Piven temperature may be determined as follows: 
pre trek Es & 30,000 as ph Miitent of the steam at condenser pressure, 
AO ae eal oe a O00 250 be tire of the vapor in the condenser, 
Pes ania 25,000 pe 500 falure of the condensed steam, 
Boal, Pehessel ""l50'000 400 Hy Mlure of the air entering condenser, 
Wabash River....... pp ps 700 Paliive of the air leaving condenser, 
Waukegan,.......++- ' 375 700 
Weymouth......6.65 30,000 


of alr in cu, ft, necessary to condense and cool 1 Ib. of 


my 
* Clty of Paris, 
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B = specific weight of air under atmospheric conditia 
C = mean specific heat of air under atmospheric condi 
d = mean temperature difference between the air and 
S = cooling surface in sq. ft., 3 
U = coefficient of heat transmission, B.t.u. per Sq. falod-air Surface Condensers. — If, instead of using ordinary 
difference in temperature per hr. # alr as a cooling medium, a small amount of water is permitted 

Hyer (he surface of the tubes, so that the air leaving the condenser 

\ 1 or nearly so, the volume of air necessary to effect a given cool- 
ts wreatly reduced. This reduction in air volume is possible 


| tubes and extended sheet-metal fins, as in the Griscom-Russell 
#ater, the coefficient of heat transmission is very high and large 
if wir may be heated in a comparatively small chamber. 


Since the heat absorbed by the air must be equal to the hei 
the steam, neglecting radiation, we have 


VBC(t, — t) = H — ti + 82, 


Water is vaporized and absorbs a considerable portion of the 

f i) by the steam in condensing. While the air itself absorbs 

from which H—t +32 lial, its primary object in this connection is to carry. away 
V= Be =) . (ondensers of this type are not much in evidence, but a few 


are to be found in small plants where circulating water is 
yaeun above 20 in. are not necessary. Figure 365 shows 


1 hovivon- 
ym oof a 82055 yen ye ep eer 
88995909 Oo 
Sostcsspersn 
fe) O' 
Oo-0 rs) SEG oY 
‘O°, O, IR 
S2OSecOSSBOSOSS. |» 
Soler (95 O 
655 


Wrated-nair 
THINTNTQTNON TTT 
! Ta 


Miilenser, 
the prin- 
he tlinn of 
The ap- 
vertical Via. 365. Pennel Saturated-air Surface Condenser. 
tubes 
) aly in drawn by natural draft. A centrifugal pump cir- 
{ oneehalf gallon of water per hp. per min. from a cistern 
Hyideneer, The water, flowing over the upper tube sheet 
widing the tubes by gravity, forms a film over their entire 
Ane 
wii action is as follows: The current of exhaust steam 
site of the sheet at A is caused by suitable baffle plates to 
i the tubes, and in condensing gives up its latent heat to 
which wholly or partially evaporates, saturating the ascend- 
of aly to ils own temperature. The upward current of hot 
a carries off the heat into the atmosphere. The cooling 
tot evaporated and lost to the atmosphere falls into the 
‘hep! constant by a float governing a valve in the supply 
wndensable gases collect at C, where they are removed 
yeouun pump and discharged into the hotwell. An excel- 


For practical purposes, C may be taken as the specific NM 
the error due to this assumption being negligible even if the 
with moisture. ; 


Example 58. — How many cu. ft. of air are necessary 1 
cool 1 1b. of saturated steam under the following conditior 
in. Hg. abs., temperature of entering alr, leaving air, and 06 
60, 110, and 140 deg. fahr., respectively? 


Solution. — Here H = 1130 (from steam tables), 









t, = 110, = 140, t = 60, C= 0.24, " ‘ = 
A P Pyihidriea 
Substituting these values in equation (229), a 


oe. 1130 — 140 + 32 
as 0.075 X 0.24 (110 — 60) i 
dense 1 Ib. of steam under the given conditions. 


= 1135 cu. ft. of air 0 


The proper area of cooling surface depends upon the val 
cient of heat transmission, which varies with the veloelly 
of the air and character of the cooling surface. Accu 
available on this point. 

A few experiments made at the Armour Institute of 
values of U = 10 to 25 B.t.u. per hr. per sq. ft. per dog, f 
temperature for air velocities of 500 to 4000 ft. per min, 1 
steel sheeting 1/8 in. thick. Assuming these values of U 
example, S = 1.5 sq. ft. of cooling surface per lb. of stent 
hr. for air velocity of 4000 ft. per min., and S = 3,7 aq, 
of 500 ft, per min. 

Air heaters of the bleeder type are identical in thee 
surface condenser, but the primary object in this ease int) 
air and not the condensation of the steam, With the b 
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228. Location and Arrangement of Condenser and 
the modern steam plant one sees two general arrangemen 
and auxiliaries: (1) the independent or subdivided system 
engine or turbine is provided with its own condenser, air \ 
pumps, and (2) the central system, in which the condensers i 
are grouped together. In the latter system one cone 
suffices for all engines. 

Independent System. — This system is used in practicm 
power stations of whatever size. The condenser should 


directly as possible to the engine or turbine exhaust oper 
avoid excessive press 


sible, the condenser 
below the prime mé 
condensation may 

Figure 366 shows the | 
ment of condenser 
the older designs of 
low-level jet conde 
high vacua were of 


: Halon joint. 

Millet type 
Walve, placed 
Te expansion 
Mondenser 
He A Means 
Mit the con- 
1 shunting 
fo the at- 
should occa- 
The tail pipe 
Hriulic air 
Avwen into 
inp from 
ay ie lib- 
the wonling 
Woiilated. 







Atmospheric: 
Relief Valve 





eration. Here each 6m 
Ai Pome mn its supply of cooling 
Fic. 366. Low-level Jet-condenser and main injection pipe and | oO ) )\, 


a main discharge pif 
steam leading to 
by-passed through a suitable atmospheric relief valve 
exhaust header, so that the engine may operate non-G0n 
the vacuum breaks or the condenser is ; 
cut out. The wet-air pump is integral 


Auxiliaries for Moderate Vacua. 


—_—_ 
—oI—| 


with the condenser chamber, and the Injection PY 
entire installation is compact and Ooateneette aa ; 
simple. Occasionally conditions are A ale Pamle 
such as to necessitate placing the con- Nou ae 
denser above the engine-room floor, a8 at) are ) 

Heone ee 


Discharge 


in Fig. 367, but such a location should 
be avoided if possible, as it usually re- 
quires a larger number of bends and 
joints in the exhaust pipe than the 
basement arrangement. 

Figure 368 shows the general arrangement of conden 
in the new power plant of the Johns-Manville Co, and il 
jet-condenser which has been installed in connect 
turbine, and in which the air pump is of the hydraull 


Drain 


Fia. 367, Lowelevel 
Auxiliarion for ‘0 


r and 
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Elliott 


y ‘| Strainer 


| 


Turbine 
and Geare 


Arrangement of Low- 
Auxiliaries for 








543 


i» flexibly connected to the turbine by means of a corrugated- 


Chapm: 
#utlet Gate V. 
16” Back Outlet 


Exhaust 














S40" 














Fig. 368. Low-level Jet-condenser and Auxiliaries . 


> 


P| 


>| 


for High Vacua. 


shows the general assembly of a C. H. Wheeler low-level jet- 


condenser as applied to a 2500-kw. 
turbine and illustrates the applica- 
tion of a steam ejector for air-vapor 
extraction. The centrifugal tail 
pump is the only moving element, 
and the simplicity of the entire 
condenser equipment is apparent 
from the drawing. The steam 
ejector has practically supplanted 
the other types of air pumps in 
the modern condensing plant. Fig- 
ure 370 shows a typical layout of 
a 10,000-kw. jet-condenser with a 
combined turbine and motor driven 
tail pump and served with two jet 
air pumps, each of half capacity at 
29-in. vacuum and therefore of suf- 
ficient capacity to carry full load 
at vacua of 28 in. This arrange- 
ment makes possible a 50 per cent 
saving in steam during the sum- 
mer months with warm ‘circula- 


i) Is not possible to obtain much more than 28-in, on 
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the main unit and when, with warmer condensate tempe 
is required for heating the feedwater. 


Exhaust (Steam Inlet ; 




























| Loy 
sila 


3 Wt ii ) a | 
siden Turing | pieces 
—$.————— — 






1H 
——f 





Installation 
. 870. Modern Low-level Jet-condenser 
ig Turbo-generator Units. 


Menser 





Figure 371 shows the general arrangement of the conden 
in the power house of the Bangor Electric 


“ 














Co., illustrating an application of a Kooi aniston [ == 
low-level multi-jet condenser to a 750-kw. ee a anal 


70 K.W. Air Pump ~™{} 
oneme sietl General Electric Company 4 ." 
Automatic Free Turbo Generator a \ } 7 








Exhaust Valve _ 


No.87 argh Tunnel 
Maulti-Jet 
Condenser 


Totals TWinel 
w 
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' wad of 10 Ib. and discharges under gravity from the hotwell 


7/2 shows a typical installation of a barometric condenser served 
} jot air pumps. 
fe type) is ordinarily drained directly to the overflow well, 
» being submerged, as indicated. 

mm illustrates the usual layout of small surface condenser and 
Where the heat balance justifies the use of direct-acting pumps. 
| shows the more common arrangement in which the air pump 


The water from the inter-cooler (whether of 













to 


Nes! | 












































Basket Lonuitudinal Elevation of the 50,000 Sq. Ft. Condenser at 
Strainer . 
"Northwest”’ Station. 
Fia. 371. Low-level Multi-jet Condenser tage ejector type. In these small installations no provision 
Installation. le for expansion between condenser and engine or turbine, 












i 2 Hilennes 
turbo-generator above the turbine-roo 


floor, This system operates without cireu- 
lating or air pumps and maintains a vacuum 
of 28 in, with 70 deg. fahr. water under full- J 
load conditions. Injection water is supplied from & 


Via, 872, 


of I 


and auxiliaries. 
ln HooomAATy, 
Harvie in the Northwest Station of the Commonwealth 

fi the method of compensating for expansion, 
' bolted to the turbine exhaust and is supported on a 


With large surface condensers 
ligure 873 shows the arrangement of con- 


The 
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ising appliances or where the exhaust is intermittent. The 
Wivantage of this arrangement is the reduction in the number 

}\iinps and the prevention of loss of vacuum in case one or 


Wiitw are not operating. This system is not used in connection 
tt burbo-generators. 


i irculating pump is fle 
of heavy springs.’ The circulating pun 
aoe ai through a suitable expansion joint. The 
“ hurling water ” type. 
Wrivires 374 and 875 show modern arate . 
and auxiliaries in which the air removal is effected by 


_—Exhaust Steam Inlet 


3'¢!-o| ! 


AVS 
) 












12a 


e-4!3"> | 


EA 























Circulating 
Pump 


Fic. 374. Typical Arrangement of 2500-kw. C. H. Wheeler 


0,000 Sq. Ft. Condenser Layout with Three-element Wheeler 
Condenser and Auxiliaries. 


Steam Jet Air Pump. 


i ion joint is of rubber in 
designs the expansion join ' 
. fags ‘ustrated. With surface onde 
cudtiil should be installed where eins Wi: oer 
20-23 ft. above lowest water; , 
system not over Ppa 
i i the inlet and outle F ' 
installed directly above let an coal 
tem is limited to practic | 
the water through the sys i 
With a siphon system, a ; 
agen eflenie? ing head and quantity of 
ill not affect the pumping hea u 
Mia of the latest central station pomiregg on 
i densers are 0 
. Plant is an example, the con 
= each turbine unit, these condensers standing 
linders. : 
Nipiandrasing systems are not in vi in 
plant except in connection with steel mills or other 


which it is desired to operate condensing a number 


1 Methods of Connecting Condensers to Turbines; Report | 
mittee, N.E.L.A,, T5=21, 1921, p. 10, 


# Condensers. — The proper selection of condenser and 
# }oposed installation depends upon the conditions under 
it ln to be operated. These conditions vary so widely in 
ily « fow of the more important factors will be considered. 


Wlvantages and disadvantages of the three types of water- 
are as follows: 


WVANTAGHH DISADVANTAGES 


Surface Condenser 


te for boiler feed. First cost high. 
Heate for io production. Maintenance high. 

H fh the weighing of con- Requires donsiferable building space to 
* remove tubes. 
eeu obtainable. Acidulated water or water containing for- 
pimping head through cign matter in large quantities may pre- 
clude the use of surface condensers. 

iy vacuum because a 


More head room necessary to obtain suffi- 
we not affect water cient head on hotwell pump. 
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Hrivos. Duplication of auxiliaries is now practically standard 
ih murface condensers for units of 15,000 kw. and over, Some 
feeont installations employ two constant-speed pumps on a 


Barometric Condenser 


Long exhaust pipe line 


Condenser proper not costly, but piping to 
sive entails high initial eowl 


No is eae tity of flooding turbine as in th ibility of air leak 

o possibility of flooding turbine as In the sibility of air leaks. havi ade f 

case of a log jet condenser. lon of vee between | " - A ihe ag water-box construction. These pumps 

Maintenance low. enser, which may Mii 1 discharge valves 

The use of acidulated water possible. even more. Bay be used = as well as a by-pass valve, so that 

Requires less circulating water than sur- As condenieg son gen al ~~ } : supply water to the entire condenser, or each 

t roof, it does not lend 1 wry water * 

Basile ttle building space. al station design whelt Hi ther ec pigs ei of the condenser independent of the 

fnbine Toonr aa ‘;conomies have been obtained by the use of two- 


Equipment simple. No hotwell pump 
necessary and in some forms no vacuum 


pump is required. 


Hi either one or both of the pumps. The most efficient 
MWilating the circulating supply is by the use of variable-speed 
tie pumps. Several recent condenser installations are pro- 
ile means of control. Hotwell pumps are invariably of the 


‘ 


ous. 
Waste of condensate, 


Jet Condenser 


Failure of removal 


Least expensive type of condenser. ] ) nt ‘ i 
Requires less neg Space, " turbine. Ra f typ, - are of either the single or two-stage type depending 

Equipment simpler because hotwell pump vacuum-breaking nm furnishe 
Is not necessary. Waste of condensate, — . ” low . d by the condenser manufacturer. Owing to 
Requires less circulating water than sur- High power for water ji ¥, low steam consumption, low maintenance cost, and com- 

face condenser. High power for air purify Hiwtallation, air pumps of the ejector t h ? 
Maintenance low. for surface conden as pint 1 I jector type have practically 
The use of acidulated water possible. Piston or 1ydraulic type of air pump. For a description 
typon of circulating condensate and vacuum pumps found 


Condenser auxiliaries are driven either by steam or WH paragraphs 280 to 289. 


a combination of both. In the small power house which tw 
inter-connected system and where the plant does not operilt 
four-hour basis, steam-driven auxiliaries are, a8 @ gene 
investment provided all the exhaust can be used for feodwi 
other useful purposes. If there is more exhaust than Gat 
feedwater heating or other purposes, part of the auxiliaries 
ted by duplex or combined steam and electric drives. Ti 
steam unit is put into commission until current is @ 

governor automatically cuts in the electric drive. The olf 
is usually of the steam-turbine-driven centrifugal type, 
of the very small plants, the reciprocating type is pref 


“nw P. A, Bancel, Trans. A.S.M.E., Vol. 43, 1921 p. 1051 
rey Various Types of Condensing A ; and Stive 
pparatus: B 
1H), 121, p. 672; Power, Nov. 15, 1921, >. 1002 "an cota 
8 ane Condensers : nsbi 
a. ensers for Modern Power Plants: Ganshird and Carothers, 


ting Nquipment for Power Plants: R. June, Elec. Rey Sept. 17 
; i . 17, 


* 
i: 
‘ 


0 Mieam ( onde nsers: Selection of Size: F. A. Burg, Elec. Jour. Jan. 
’ — 
' wile wing hq vp vent: I rank R. W heeler, Mech. Engrg. Dec. 19 19. 
’ ’ 


one Systems. — When an ample supply of cooling water 


air pumps are used in all but the very smallest plants and , for natural or economic reasons, the circulating wate 
supplanted the piston or hydraulic type. All conde Hyer and over again by employing suitable cooling Ais 
these plants are ordinarily operated at full load irreay #8 Hoel Common in practice are: ; 
on the main unit, low first cost and simplicity of operation ' Holling pond or tank, 
importance than heat economy. fountaln 

In the large central station the type of drive is largely & dower, 
station heat balance. (See paragraph 265.) While mite Mirfavo type. 


ries are found in a number of recent designs, the pre 
rely more and more upon motors as a source of power 
In order to insure against shut down of the main unite 
power supply to the auxiliaries, the more important MUxt 
from a separate source of power, such as a house turbh 


feline Pond. — The simple pond is one of the oldest 
tl eloring water for industrial and power plant pur- 
wetion la independent of the depth of water and varies 
ie, tho amount of heat dissipated for each sq. ft. of 
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551 
MAlloring tests show that the evaporation as calculated from 
1910) should be increased 25 per cent for each mile per hr. of 
ly, 


f the 
exposed surface depending upon _ Mg g i 

tive humidity of the air, 
ects o i= The maximum theoretical a he 
ae tempeell of the wet-bulb thermometer. 


" vith the a oy Srempater as be ovapora™ 0: Ht Ree 
. re the fend, with the temperature of the water and air eg. fahr.; 
10 pr ett alc _ practi hy convection y ‘alm; barometric pressure 29.5 in. and ; 
i ling is practic 

is 100 per cent, all coo 


relative humidity 70 
ing is limi i by the amount of air that 

: ret et oy “a bigs quiescent, there being 
pi t. Even if there is no wind blowing, the 
een the air would tend to create upward air ae 
Bs action of cooling. Were this not 80, bani 
pote possible unless there were vin an ~ 
humidity is less than 100 per cent * " fore 
during a heavy rain storm — part of. Me oe 
amount of heat dissipated per sq. ft. of p nd 
has been the subject of ai aI a re 

i Sc ; 

: on ouabegaaeanged heat dissipated under a 
eye ct little service in determining the rae 
pacastinal installations because of the Migr b ir 
For this reason engineers find it convenien to 

ience has taught will give satisfactory o bs 
aliens to 8 sq. ft. of pond surface = Ib. ie i p 

eneral rule, 1s to 

Tas 3B ig adem giag ae of pond surface per 

. ; bachite between that of the air and the cna 
dees the heat is dissipated chiefly by evaporation, y 
icon ted is a fair index of the amount dissipated an 

ee oer lb. In the new plant recently installed by 

Sioa on Boulder, Colo., 3 sq. ft. of ery 

r hr. to be removed from the circulating 

pte a following formula for the rate of eva 


calm air: 


» The maximum vapor tension at 


temperature of 80 degrees 
uf mercury. 


The actual vapor tension will be 
1,03 X 0.70 (= relative humidity) = 0.721. 
# those values in equation (280), 


} 7 X 80) (1.03 — 0.721) 

#wihe per sq. ft. per hr. = 0.024 Ib. per sq. ft. per hr. 

fled that any one of the preceding rules gives an enormous 

for even a small cooling effect. For this reason the old- 

Mlle ponds are seldom found in the modern plant except 
| spneo is inexpensive and the cost of excavation is low. 


Pountain, — 


To facilitate evaporation with a view toward 
sive of the 


pond, the hot circulating water is generally dis- 
With pipes and discharged through nozzles, falling to the 
pond in aspray. The water issuing from the nozzles creates 
§, tided by the natural breeze, effects the necessary evapora- 
tie of water due to evaporation seldom exceeds 4 per cent of 
MW Water circulated. The pressure required at the nozzles is 
yf th, per sq. in. and in many cases the condenser pump is 
} tho necessary pressure. Under ordinary conditions the 
ty !© operate the sprays will average less than 1 1/2 per 
Myer wenerated by the prime mover. Should the temperature 
wer lincharge-water exceed the limit of reduction by single 
Healved reduction in temperature may be effected by double 
thie arrangement, the condenser discharge is mixed in the 
Mi ejual amount of cooler water flowing through an equaliz- 


E = (243 + 3.7) (V — ») 


H the apray pond. The resulting mixture is pumped to the 
frayed, Some idea of the performance of a spray cooling 
in which mined from the data in Tables 71 and 72, 
E = evaporation in grains per sq. ft. ~ hr., Ie without sprays require about 50 times more area than 
u water, deg. fahr., fie, A rough rule is to allow 1 
+e “op ee prerehes in in, of mereury Mb 
V = maxim 


30 B.t.u. per sq. ft. per 


fence in temperature for the latter, 
vy = actual vapor tension. 
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IB Wooden or sheet-iron housing, open at the top and bottom and 

tht the hot water may be elevated to the top and distributed 
Hier that it falls in thin sheets or sprays into a reservoir at the 
#! the same time being drawn in at the bottom by natural 
“1 in by a fan. The water gives up its heat to the ascending 
wy hy evaporation, convection, and radiation, the last, how- 
§ felatively small factor. Of these, evaporation absorbs from 


TABLE 71 ‘ 
BIND FP 
SINGLE-SPRAY SYSTEM —— 6000-KwW. STEAM TUR i 






Temperature, 
Relative 
Humidity 
Per Cent 





68 73 pent of the heat, convection or direct transfer of heat to the 
Discharge water...--- 53 : bine " 
62 ‘After spraying = 14 s!, while radiation, partly in the tower and partly through 
AaDeeix Surrounding air...---- Meounts for the balance. If the air supply is dependent 
Discharge water...--- ib =! the chimney action of the device, the system is known as a 
Mar 50 | pase yong AB ey a 50 wy flue cooling tower; if the air is forced into the device by 
urrounding alr...---- , 
oi in called a forced-draft 
04 ; 
| Discharge phat ay! 0 75 , Water-cooling towers may 
May... 72 \|. Surrounding air... 65 72 we (1) forced-draft, (2) natu- 
wn lype or atmospheric == Distributing 
‘ Gets sre 3 108 M8 ' ’ sh 
70 rev rayias aye + + HWA closed or flue type, cn Serr Bas 
anual Surrounding air...---- ¥ fil forced and natural draft. 
Discharge water. ...-- ng i towers are completely en- Se va 
Aug 84 | ies TT eit veeeees 72 7 #! the top and at the base E 
ints: b urroundin ieee 
} is made for the fan open- 
00 r 
| Diecbaat a sre F ts Pe 4 Hioepheric type of natural- 
Nov 70 er spraying. ----- °° 27 ais 
Surrounding air....- 


the sides are louvered and 
i) ie supplied through the 
tirouwh the louvered sides 

pirrenta, ‘The flue type of 
Twer receives its air supply 
iney action of the flue. 
foreode and natural-draft 


TABLE 72 
DOUBLE-SPRAY SYSTEM 





Firat Spray lit 


yr, deg. fabr....-seseeereresseren? a eel with natural draft only 

rature air, deg. fahr....--++-+rssrrr rt ; ral 

Relive eager gla rig pods Raed 128 en 
t ot water, » fahe. esp sennee® 
anette, cooled water, deg. {AWT;,. sb 2 «vee be 


Total degrees cooled, EONS eh aa COLO Et 





Heelwie vary principally in 

the filling and the method 
Waihi igure 376 illus- 
1 Wheeler cooling tower 
te water in broken up by 


Discharge 
from Tower 


Fia. 376. Barnard-Wheeler All 
Steel Cooling Tower. 


233. Cooling Towers. — While spray ponds oq 

the area of the single cooling pond for the rey je 
‘. «till considerable, and during periods of high edly terre Fax ¢ ae pe 

space is stl J over the surroundings | galvanized iron wire-cloth mats, causing it to trickle in 
of water spray May be scattered 0 P 1, there is the ® tettom, In the Wheeler standard design, the tower is 
from the monetary loss thus rear i noighbork 4 number of V-shaped horizontal wooden troughs 
the heat vapors or spray being mir apace requ eo that the spill from each trough is directed to the 
aa et ae 4d Ga dovelop jow, ‘The ascending currents of air, in flowing through 
these nuisances, the 
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nrestricted zig-zag air | 
aeuiehiline shower of water. The fillings of the a " 
ing tower consist of boards of swamp cypress se 
honeycomb fashion, permitting the water to rie. e 4 | 
boards and the air to pass upward through the anes. > 
natural-draft cooling tower, Fig. 377, the filling 1s co 
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of the circulating water is that of the existing wet bulb, but 
1! ls usually more economical to keep down the temperature 
Vieulate more water, the exact amount, of course, depending 
tire of the equipment, load factor, and efficiency of pumping. 
I (lewree of cooling is a function of the amount of water surface 
the alr per unit of time and not a function of the amount of 
iw surface exposed to the water. As a general rule, spray 
Jallod where real estate is cheap and available, and cooling 
space is expensive and unavailable. Cooling towers cir- 
Weiler than spray ponds because of their higher cooling effi- 
the pumping head is higher, so that as far as power require- 
Hierned there is no great difference between the two systems. 
) 100 for cooling tower calculations. 


lanes, mingle intimately 


{ 


KX 


A 


AN 


ANNAN 


twoling Towers: Trans. A.S.M.E., Vol. 44, 1922, p. 669. 
toy Tower Design: Power, Feb. 27, 1923, p. 345. 
Sytem Efficiency: Mech. Engrg., Nov., Part 2, 1924, p. 799. 


IN 


Murface Type. — While circulating water for condenser 
yer cooled in practice by coolers of the surface type, it is 
weary to employ such devices in 
jaeket water from internal com- 
_ eooling lubricating and trans- 
yooling air for turbine generators 
ie “ closed system,’ and for 
lout from one liquid to another. 
surface type are invariably used 
Hin to be cooled is used over 
) without contact with the cool- 
Thoeee devices are built in a great 
wie ranging from the simple 
jw in which the medium to be 
Hivouwh the inner tube and the 
4 jeot through the annular 
fwth tubes, to the more com- 
tiie or multi-compartment type 
Hii surface is greatly extended 
© liieh rate of heat exchange. : 

heat between liquids, the Fro, 378. Schutte-Koerting 
Mullictube type is commonly Oil Cooler. 
one medium is a non-con- 
the other a liquid or gas, the extended-surface type is 
twenuse of the low rate of heat transmission, 


TUN 
\" 


TANNA 




















Fig. 377. C. H. Wheeler Atmospheric Cooling 


ernate rows and staggered #0 
hes without being broken, 
ass freely into the struct 


of cypress strips laid in alt 
drop more than a few inc 
designed so that the air may Pp 


the spray in a strong wind. 
ite to their compactness, cooling towers may be le 


jac i the engine 
f wer house or adjacent building, on 
vote latter being the most adaptable, The # 
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Figure 378 shows section through a noe a 
and illustrates the principles at gee. the 
flows into the shell at the top, Pe a Melon of heat transfer from these various heat exchanging 

within such wide limits, depending upon the design of 
Wiyeioul properties of the heating and cooling medium, veloc- 
Nitin! temperatures, and the like, that the “‘ average” values 
Wlemic value. Specific values may be had from the manu- 
able data in this connection may be found in the 1921-23 
Committee Reports, N.E.L.A. 


W Purho-alternators with Cool Purified Air: Power, Nov. 15, 1918, p. 921. 
fn in Coolers, Heaters and Condensers: Jour. Soc. Chem. Ind., Nov. 


The vir fins are of brass, 30 B. & S. gage, and are secured to 


ly linning. The ‘‘U-fin Preheater” is built on the same 
the cooler. 
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Fig. 378a. Heat Transfer — Schutte-Koerting oll 





Sereons. — Cooling water, unless free from foreign matter, 
the orifices of jet condensers and the tubes of surface con- 
i in reduced efficiency of operation, increased load on 
hers, wnd increased cost of fuel supply. Even when the 
Wiitively free 
Willer, it is 
ie some sort m5 
event fish or 

fuetlon from war 


hrovw 

e shell at the bottom. The water flows t J 

a eR direction. The heat-transfer rate for 

is shown by the 

curves in Fig. 
378a. 

Figure 379 

shows the prin- 


Moto: 






a 
oO 
2 
a 
Cc 
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Piilating sys- 





































































































maa i eereonsa are {| Water Intake Travel: 
——— ciples of the ® i but re- a to Traveling Water-Intake 
—— Griscom ‘s Russell , E <] Water Screen _Screen 
SS Co.’s “ U-fin Heiiing, In Exseeemey Sage gent eS me 
——<—- oO. ; g rc 
——— tiie or in = Water W: 
—— Cooler” for cool- \| ; aa Cnatentant, 
-— . ilat- me the water == ee 
-— ing the ventila 1, the travel 
— . " ‘Ol Poe 
-— ing air for turbo- : 











Fins Tube Tobe generators. It 
Fic.379. “U-fin” iffers from the 


pier practice, : ; ; es 
en COnniats Ira. 380. Typical Traveling Water Intake 


Screen. 
F a . ( 18, Piss 
Air-Cooler Ele type ‘ea eae oe ihn 
ment with Re- ft a [><] can | wheels at the head and foot, to which are attached wire 
turn Bend. cooler in that the Vie Wi RY shape of ateel trays or baskets. The trays are placed 


‘ ‘4 form a continuous sereen which travels with the 

tubes 18 Rr) <-Geheree Me : 
external oes 5 yee hemes a en # tiatler adheres to the surface of the screen and is 
greatly extende 


' |" lie run into troughs, as shown in Fig. 380. Ma- 
+ ; contact pei pn ’ 
sheets which are in metallic Fria. 3790. ‘Typleal t+ the sereen is washed off by water sprays under con- 


; ich form & ' ; ; 
with the tubes and whic Air Cooler ts The wire cloth is constructed either of copper, brass, 


‘ for the , i 
series of narrow may jubes are of Admiralty wire according to the particular conditions of the 
passage of the ar. 1 the larger stations several screens are used so as to 


No, 18 B.W.G, gage and are spaced 1 9/16 in, b 
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guard against interrupted service. The screens move 
- 18 ft. per minute, so that very little power 18 required | 


i 


PROBLEMS 


i 26.5, temperature of room 40 | 

1. Reading of vacuum gage , | & 

29.5, temperature of mercury 1D the barometer 40 deg fahr. le 
referred to a 30-in. barometer. 


2. If the absolute pressure in a condenser is 5 in. of moroury aan 


of the air-vapor mixture in the chamber in 90 deg. fahr., require 


: i > mixture. 
(by weight) in the muxtur thin a condenser is 100 deg. fahr, 


3. If the temperature wi ‘ ; | 
0.1 Ib. of air per lb. of steam, required the moxinin 
; 4. Required the volume of aqueous vapor to be wl " 


ter from 120 to 80 deg. fahr. a 
5 " ‘A 30 000-kw. turbine uses 12 lb. steam per ae h 
iipereat 250 deg. fahr., vacuum 28.5 in. referred be ‘s a 
perature of the cooling water 70 deg. fahr., water velocity 


Required: 


a. Weight of cooling water. 
b. Sq. ft. condenser tube surface. 


. An ample supply of boiler feedwater of good quality 
fy economic and efficient operation of a steam plant. The 
/ \inits and the higher the rate of driving, the greater is the 
Wailer, Among the numerous ill effects arising from the use 
feeilwater may be mentioned (1) tube failures, (2) crystal- 
Hillement and corrosion of boiler steel, (3) loss of heat due 
Wf seule, dirt, or oil on the heating surfaces, (4) length of 
Hiiiet be out of service for cleaning, inspection and repairs, 
ii spare equipment, (6) loss of heat due to blowing down 


vl ole., (7) inereased steam consumption of prime movers 
as in each pass of the oom : * is ne 
c. Number of a8 Ba in. tubes in P Hition of scale or dirt in valves, nozzles, and buckets, and 
d, Length of water travel. Wining. 
6. A 200-kw. turbine uses 20 Ib. steam per xw-hr., initial 1 priming 


Wiles contain more or less foreign matter either in sus- 
i) therefore, perfectly pure water can only be obtained 
tient, Fortunately, pure water, while highly desirable, 
Hie Hecowsity in all. plants since the cost of purification 
H fillet the gain due to elimination of all the ill effects 
©) ‘This is particularly true in small or moderate-sized 
Hatiiral or raw water supply is of fairly good quality and 
fie not foreed to any great extent and the service is not 
pilanite of this class where the supply is poor, the water is 
/ Hie OF more seriously objectionable impurities, but no 
ty obtain the chemically pure product. In the large 
Hien, with its tremendous output, extreme peak loads, 
Hie Operation, the quality of the feedwater is in many 
Winnt to the life and operation of the apparatus than 
whl the expense of installing elaborate systems for 
fe (imuially warranted. 
water ave determined by chemical analysis, and while 
ve or low standardized the formation of a correct 
fee a difficult matter and is ordinarily beyond the 
_ ‘The impurities are usually determined in milli- 


of water, but are frequently reported as “ parts by 
; 550 


0 deg. fahr., vacuum 27 in. referred to a 30-in, 
rative surface condenser of the eam? t ii 7 hg ] 
ic ai water sp " 
the amount of atmospheric air an y ae 
f the atmospheric air 18 
condenser. The temperature ° fy 
mometer 65 deg. fahr., air issuing from the conden yo en 
temperature is 15 degrees below that of the vapor 1n 


of water. 


superheat 10 


» water is necessary for the G00) 
. How much “makeup” wa 5; 
3 engine plant operating under the a de apie 
i y 
ihp-hr. initial pressure 120 lb. abs., vie 
pene treat pa we water, discharge water and atmosphere 


pom ec ppeiere humidity of air entering 


deg. fahr., respectively; relative 
95 per cent respectively. | 
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weight per million parts of water by weight,” “ grains p ae 

gallon” or “ pounds per 1000 lb. of water.” Impuritit al Ed 2328 : 

trically neutral and which do not’ enter into any combi PeNenkaon 

are weighed and reported as found, but. salts in solutia 

as ions (calcium, sodium, chlorides, sulphates, etc.), and” BL ha F a8 3s ‘ 
BON ermcicg : 


salts (calcium chloride, sodium sulphate, etc.). Knowit 
character of the ions, the chemist is in a position to gi 
binations of these ions in the form of salts. Sinee 


proving from the analysis alone that any particular e~ Agog | 

ions is formed to produce certain salts, rather that 

possible combination, it is customary to designate Aus RVesas : 

hypothetical combinations. Engineers are accustol a ia os 0, Pi nine 

analyses in hypothetical combinations, since this t = ate: 

represents approximately the order in which pre@ | wae ; £228 
ke aeanl SRN 


upon evaporation and enables them to visualize mo 
and amount of chemical treatment necessary. The 
ions in feedwater and their hypothetical combinations 
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74 and 75. 















































The organic constituents of the foreign matter in a : 
4 aa ' BASSE : 
table and animal origin and are taken up by the wat ’ ae Le A #25 : 
ground or by direct contamination with sewage BeeNeRco~ 
“ Feedwater 06 lank 
[TTT 111] ter may ¢ eneezs :3: 
Ear cae Waer| the fact thal” BPO mel foo | 
3 at Atmospheric Pressure ticles coll oct ) : —. 
a” water in the LR BO szs : 
38 liberation of Behe hoon | 
EP arising “ wie 
> 5 10 organic 1 Ths 
3 or in collole mn be + 68 
clay, silion, 77 fh 
A Griscom Russell Co. like, The (4 } 
r ikeaiedae aida i f inorganie ” nl c 
Fic. 381. Maximum Gas Content of magnoaltimy + RPE 
Normal Surface Water. in the form ‘ng tad 
phates, ele ee 
Raw water also contains a certain quantity of i. 4 i 4 4 
air, COs, and occasionally hydrogen sulphide, . | el RU F 
may also be present in distilled water whieh et 4 4 i's 
degasification. Gas-free distilled water absorbe : 4 i: LF 
1 Air in solution is usually designated as “ dissolved. 3 hi 4 
1°) 1 A=} s) 


content is inert and causes no trouble. 


SCALE ANALYSIS — PER CENT 
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sit of a moderate amount of scale which will 


; e amount of scale to deposit. 
water will cause a tuoueraie amount of scale wih a decided tendency to 


action on account of the large proportion of sodium and potassium salts 


§ 
ig 
a 
Kl 
wigete 


galvanic action, foami 


rouble due to 


ng and priming. 


cause considerable ti 


present. 


rmation of considerable 


01 
ing. 
very hard scale. 


possibly foami 


It will cause the f 


€ wai er. 
rTosion, pitting, and 


USE CO! 


rmation of a moderate amount of 


lesirable feedwat 
10. Will cause the foi 


9. This is not a d 


scale and will ca’ 


deposition of a moderate amount of hard scale. 


This water will cause the 
The sodium and potassium salts together with the chloride of magnesia will induce 


> This water will cause the formation of a moderate amount of very hard scale. 











562 
very rapid rate and to a much greater capacity than 


the usual mineral impurities in solution, so that the ¢¢ 
high-vacuum condenser system, while practically free 
These gases, partict 
permitted to enter the boiler or economizer with the 


absorb them at once on exposure. 


under certain conditions cause excessive corrosive iM 
heating surfaces. 














TABLE 74 
PROPERTIES OF IONS COMMONLY ENCOUNTERED IN FEEDWA’ 
PURIFICATION 
Basic or Positive Ions Acidic or } 
Name of Ion Symbol Equivalent | ‘Name of Ion 
Aluminium. ... ry 9.03 Bicarbonate, . 
Ammonium.... Nu, 9.02 Carbonate... .. 
Calcium....... Ga 20.04 Chloride..... 
Hydrogen..... if 1.01 Hydroxide... . 
Ferrous....... Fe 55.84 Nitrate...... 
Magnesium.... Meg 12.16 Phosphate, ... 
’ Potassium. .... k 39.10 Sulphate....., 
Sodium.:...... Na 23.00 





In combining the positive and negative ions to form #ull® 
individual combining portions of negative ions as of positive 


++ a a; + + o> de 
Ca + (Cl + Cl) = CaChk; (Na+ Na) + CO; = NayCOyy Of 


KsPO.. 


The product of the weight of any ion in milligrams per 1000 | 


reciprocal of the equivalent weight gives the grameoq uly 
correctly made the sum of the gram-equivalents of the powl 
the sum of the gram-equivalents of the negative ions, 
Atomic weight = equivalent weight * valence (valenue 
signs above the symbol). Thus: Atomic weight of alum 
that of calcium = 20.04 X 2 = 40.08; that of chloride « 


When raw water is fed into a boiler, practically 
in the boiler and are constantly increased in mr y 
taking place. Some of the accumulated impuritié 
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Pome are Y :) 

| bal =) g es Si nd t par 18 dis- 
he | al | V od as are et fr ee a he gr eater t 

the steam. e er cer t ns 


i! Combinations with the i . 
Salon € iron walls which result in pitting 


TABLE 75 


Hire VOMMONLY ENCOUNTERED IN BOILER FEEDW. 
ATE 


PURIFICATION R ANALYSIS AND 










Name of Combination Symbol Molecular 
Weight 
——— 
(ONS PER ean 
Alyy i 
Magnesium bicarbonate. . Mg(HCOs)2 146 
Dine, carbonate MgCO; 84 ‘ 
sed chloride... ..., MgCle ee 
hydroxide... . Mg(OH), 68 3 
Ss s00, sulphate....., MgSOq 120.3 
PN TYCO, i | 
t Oy : i Potassium carbonate. .... K2COs 13. 
oi chloride KCl mie 
hydroxide. ...] KOH 56.1 
om nitrate....,__ KNOs 101.1 
ma sulphate......] K»SO,4 174.3 
Var : 
OMD)y Silica... ... i 
| et -e |] Glllew. tr, AT SiO. 60.3 
Reo. Sodium aluminate Sia ate NazAlOg 144.1 
oo bicarbonate. ..... NaHCO; 84, 
me carbonate........ NazCOs pene 
oo. chloride........, NaCl 5 y 
tai fluoride........_. NaF as 
len, hydroxide........ NaOH my 
a nitrate.........., NaNO; os 
phosphate. sesee.] NagPO, 164.0 
Son, Silicate.........., NagSiO, 152.3 
— sulphate........, Na2SO, 142.0 
Poth 


| "4 7 ri , %, 
y Kiown evidence of the presence of scale-forming in 


Mer in known as hardness. If the water contai 
WM the bicarbonates of lime, magnesia, and i ay re 
i! \* normal carbonates by boiling at 212 ‘aca 
uy hardness. Permanent hardness is due to the 
.  ¢ Horides and nitrates of lime, magnesia and i 
pletely precipitated at a temperature of 212 de phe 
iily determined by means of a standard soap pei i 


MAlimoter) sample of water to be tested is put in a 
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solution (this may ¥ 
se time, the bottle b 
j lution. Finally & 


564 

da 
250-cc. bottle an 
chemical dealers) run 1n 0.2 ¢ 


Hiy method of determining the amount of sodium chloride in 
1) he tested offers a satisfactory check on the total amount of 
i, ‘The usual test for sodium chloride is to titrate a sample 


# oap so {} (uestion with a normal silver nitrate solution, using potas- 
ously after each es ave ska tiel and oo a ff i an indicator (see N.E.L.A. Report T3-22, 1922, p. 189). 
that will persist for at es the degrees “U. 8! hai ® Angus Concentration Meter is finding favor with many 
solution used In CC: PE ivaledd to 1 grain of calcium © Tis upparatus indicates or records the degree of concentra- 
“U.S.” hardness a) cil wing the variation in conductivity of the water. From 
gallon (1 part in 58,8 ‘tay be used for specifying 3 Milucted under the supervision of the U. S. Bureau of Mines, 

The -usid oud one per U.S. gallon: tif the proper relation of sulphate and carbonate, or sulphate 
terms of calcium 


foncentration is maintained at all times in the boiler water, 
i) growth of adherent scale on the heating surfaces. No 
lywin is necessary other than to test it for acidity. The 
i carbonate, sulphate and phosphate radicals is readily 
muitable titration of a sample of water drawn from the 


i ponate X 1.19 
Magnesium car . 
ae er 3 se = hardness as a be 

7 ore U.S. gallon 0 
Ghagnesium chloride * 1.05 per 


Calcium chloride 


water I HWledge of this concentration in conjunction with established 

of ible to judge the quality of ; Mie TH is Hecessary to properly condition the water so that hard 

ah ae lion, since & large amount of 8 small Will not deposit on the heating surfaces. For a complete 
of solids per gaHto’s rious as & very 


+ be as delete é important topic consult Fundamentals in the Condition- 


chloride, will no Wers by R. E. Hall: Proc. Engr. Soc. Wes. Pa., Vol. 41, 


sulphate. 
The sca 
U. S. gallon) is as follows: 


bove 25. : 
hy aa is a rough rating according to the 
e fo 


i lon: 
incrusting solids per United States gal 
Less than 


YT Ln 
12 to 15 grains...--- >" 7° 
nek WY therustation. 3. Metal embrittlement. 
20'to 30 graine..---° °° ae “ isobar 
30 graimS..---.77°° 7" 

ral alcium carbonate, magnesiur ieee 
ciw 
j ad water containing pres of om 

for the same rating, 
pas +, column by Z < ter oar 
eis cone factor in deciding Yvert Mi oiler f 

: ple salts may be 

Se im aon necessary to keep the d 


blowing 

ot limits found by experience. ae 

yer degree of concentration may be rover one 
a " but this is usually an expen cide 

wide fe 1 time. The total solids in & giv a 

pean boar « certain constant ratio 

em ‘ 


ains of ¢ 
of hardness usually accepted a ee 
rs Soft water, 1 to 1Y; Phev Chemical Composition, Use and Treatment: Univ. of Tex., 


wi 

wy for Steam Making: Chem. Age, Jan., 1922, p. 43. 

i weiter Treatment: Power, Dec. 26, 1922, p. 1018. 

wn Water and How to Find Them: Power Plant Engrg, Jan. 1, 


vere some > ol a fin (he use of impure feedwater may be briefly sum- 


i! oF suspended mineral matter, if introduced into the 
water, will eventually form a deposit on the heating 
Weim, and silicon in colloidal solution will also tend 
Hit hy fur the greater part of the objectionable scale 
(ie salta of calcium and magnesium. The salts are 
oll yaw water and constitute “ hardness.”’ When 
perature and pressure in the boiler and to concentra- 
frtuin portions are precipitated and form sludge or 

#! calcium and magnesium alone usually produce 

ation, which is more or leas friable, but in the 

ite the formation may be hard and dense, Mag- 


This applie 
sium chloride. 
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STEAM PO 
that point, little trouble 


tration is maintained just below 
enced. Foaming and priming cause the impurities In ! ile - 
water to be carried over with the steam into the super LN TROUBLES ARISING FROM : 
resulting in all of the troubles USE OF IMPURE FEEDWATDR 
Cause 
Remedy or Palliation 


traps, and prime movers, 
use of dirty apparatus. 












a ee 5 Mediment, mud, clay, ete { Filt 
ic iltration 


Priming: Power Plant Engrg, May 1 

1920, p. 5825 Power Plant Engre., Apr. 1, 1925, P- 377. 
” y lteadily soluble salts.... piowing off 

240. Feedwater Treatment. — An ideal feedwater SUD Moarbonat "9 aging hoa 

. . . : ‘ - ( onat . ee ss 
will not deposit mud or scale, will cause neither prt lime, pe of meee Causti mie and precipitation 
and will not corrode boilers or appurtenances. No such  . se 
. re : anic P 
the natural state, although many waters are sufficiently ¢ matter............ Raa hetow 

Mulphate of lime. . oe Sov carbonate 
eo cocesane eolite 


use of the treated product. The 
important part in the economl 
from a competent 


to meet the particul 


may be neutralized 




































under certain conditions, in the ¥ 
Barium chloride 


to warrant their use, 
purification. The deciding factor lies in whether the cout 
and operation with raw water is greater or less than t Orwanic matter....... Prosiniintion pies shun 
MM, pletion ‘wi 1 ; 
. chloride with ferric and fii- 
Slaked lime tration 


quality of the feedwat 


ic operation of the steam 7 CG 
arbonate of soda } and filtration . 


thloride or 
4 ieide or sulphate of mag- Carbbnaed abode 
soda 


water-treating engineer is essential even 
ll Se 
A Be hrs tol eh cme Alkali 


s satisfactory 


plants. In some plants raw water give 

artial treatment is necessary; while ye a Sut AOI Yd carbonic acid ana 

elimination of all impurities is essential. There is no gov ialved carbonic acid ringer on 

. . > acl 1 
treatment, and each installation and source of supply BRS is 54k chi andl Heatiak » 
; ‘*'* |! Deactivator 
Pinetvolytic action... Sens pha 

Dilnd plates. . 


ar conditions involved. q 
All or part of the evil effects arising from the use of i 
or eliminated by one or more of the fall 


1. Filtration. 4, Application 
coatings: 


2. Preheating. 
5. Distillation, 


Precipitation wi 

; ith ; 

afr and bebe 4 or ferric 
eating feed and precipitation 


Barium chloride 


Pawine 
Neale ' 


Manate of soda in larce 
soda in 
HUAN tlon large 











a matter 
pHi able oils i 

8 in presenc i 
if eauetic soda or sadiias spect 


3. Chemical treatment. 
6. Degasifiew patlonate F 
st based Jar chart by W w. Christ Mimmiied matter......... Filtration 
Table 76, based on a similar chart by W. 'Y: Shrinti@, Renal oausticity....... M ; 
ati \.97() Momasolum ulohate 


outline of the troubles arising from feedwater, their cm 


the means for preventing them. 
241. Filtration. — Suspended matter, either in raw OF 


is cheaply and conveniently removed by passing it throug 
is a large variety of straining and filtering equipment On 
the down-flow type of filter, using sand or granulated a 
ting medium, appears to be the most common. req 
of the impurities in a water supply can be removed by 
should be of ample size for service required; otherwit 
choked up or permit some of the filtering medium to 

system. Mud and sand may under certain con 


# {he water to stand for some time i i 
TD -_ ney before chemical oo aareeg A ~ a 
“ _ ns chemicals in the reaction tank ‘an’ pie 
diy ee matter, whether original pi 
mepree * »y the chemicals, is eliminated by vain 
i after treatment. he 
oitrator, which consists of a special pu | 
oY oepenty removing the rwiens Pa tr 

oe on fed into the boiler, is finding increasi 

y means of this apparatus water is withieiret 


é 
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Wileal Treatment. — The great majority of plants using treated 
fwiler feed purposes depend upon chemical treatment, for effect- 
fed results. It should be stated at the outset that such treat- 
iol produce pure water, and as a matter of fact, frequently 
the (otal amount of impurities, but the objectionable impurities 
Mnverted by this treatment into others which are less objection- 
HM, when soda (NagCOs) is fed into a boiler, the water of which 
#) sulphate (CaSO,) in solution, the mineral content of the 
wen increased by the amount of soda introduced, but the 
Ihute, which produces a hard, tenacious scale, has been con- 
Hie reaction with the soda into calcium carbonate, Ca COs, and 
ite, NaSOs The calcium carbonate is practically insoluble 
wiley water and is precipitated as a sludge, so that it can be 
tye by blowing off. The sodium sulphate remains in solution, 
i seale except under excessive concentration. If soda is 
walor before it enters the boiler the same chemical reaction 
within the boiler, but the precipitated calcium carbonate 


y at the lowest point, forced a 
filter, and then returned. At intervals of pee 4 
flushed back, and the impurities precipita ~ y 

boiler are washed out and discharged to waste. 


from the boiler, preferab! 


Tests with Hagan De-concentrators: Prime Movers Committee, N 


1922, Part B, p. 186. 


Pressure Filters: Jour. Am. W. Wks. Assoc., Vol. 3, No. 2, 1916, 


242, Preheating. — Practically all of the disso 
bonic acid, COs, in water may be liberated fon 
violently at 212 deg. a puighh RORY B a F 
gases are removed by suitable an ed 

orption of these gases before being 1¢ 
i wai vil be little danger from corrosion aaa 
other corrosive agents in the water, The bic pie 
which constitute the chief source of har 


a. sie are broken up into carbonates and CO, W Wed by sedimentation or filtration, and only the sodium sul- 
cabo 2deg. fahr. The reaction is as follows: I Introduced into the boiler. The water in this last case is 
heated to 212 deg. h HO Ywoltened,” that is, the hardness due to the calcium sulphate 

Ca (H COs). = CaCOs + COs + His | Hiinated. Whatever may be the process employed, the 


Mg (H COs): = MgCO; + COz + H,O 


i usually contains an excess of alkaline salts and is far 
‘ Wiivally pure. 
The calcium carbonate is practically insoluble in the 


i sium carbonate if 

‘pitated as a solid, but the magne 
a ca since it is somewhat soluble. A large oie 
liberated and may be withdrawn with the other se al 
While calcium carbonate is more soluble in hot water 


i i igi d the greater part of the ha 
et acanes pie E d by boiling at atmosphere 


ie and the amount of all the impurities in the raw water are 
Mi only be determined by a complete mineral analysis), the 
# }osition to specify the kind and the amount of reagent 
feet certain results. As previously stated, the impurities 
ii hy the chemist as ions, and the amount of reagents to be 
lly enloulated from the ion content by use of proper factors. 


: le other hand, prefer to have the ions grouped as hypo- 
its presence may be remove | | 2 
: Be Cases in wok Pe aed pine, W hatever may be the method of procedure, the 
ian Sax ae sentir and withdrawl {he same provided the hypothetical compounds are properly 
tmospheric presst 
at 212 deg. fahr., under a 


Hier analysis and purification is a highly specialized art and 
Hil the province of the non-chemical engineer, but an idea 
Hf procedure in calculating the weight of reagent necessary 
iiieal reaction may be gained from the following: 


In the standard commercial type of oan 7 
vision is not ordinarily made for a complete remove p. hee 
d the time the water is in the apparatus is not RU c : 
caisiplakted matter to collect. There is no question, 
ae devices have a decided purifying action. at 
Calcium sulphate, under the high “yal ee aa 
current practice, is practically insoluble, anc “ a 
conditioned the precipitation will collect on ee 
a hard, tenacious scale. (See Live Steam ' 


See also paragraph 247. 


gases. 


! ehangos which take place when hydrated lime, Ca(OH)s, 
Wily, alone or in combination with each other, are added 
Hine calcium sulphate, CaSO, magnesium sulphate, 


iearbonate, Ca(HCO,),, or magnesium bicarbonate, 
hw expressed: 
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CaSO, + NaCOs = CaCO; + NaxSOs ingredients i 
in the compound should b 
e based on the feed- 


C80 ies = ¢ ean oe en Cacouae ! yels, and under no circumstances sh 
Ca(HCOs)2 + Ca(OH): = 2CaCOs + 2H20. 3 el into the boiler. The wate ia pounds ase 
Mg(HCO;) + 2Ca(OH): = Mg(OH)s + 2CaCOs + 2Hye i} Hot only effect a precipitation of the scale-for feos through 
' ) E a ) | 
Wlion but also render the precipitated mavtce a tse 
: y 


he amount of reagent to be added 


From these reactions t 
may be calculated by considering the combining weights a8 


For soda ash and calcium sulphate 
CaSO, : Na.COs =1 


Wilion, Sodi i ‘ 
— sist pd such rata in waters stable 
; oat: andar i ° 
40 + 82 + 4(16) : 3(23) + 12+ 3(16) = 1:4, “ny “ series ps i and is composedof 15 cent 
x = 0.779, Maroh, and sufficient perme a agem: 1 per cent 
a whic | eae eee 
x = soda-ash factor or the ratio of the weight of soda | rom the Great Lakes and the rivers of the meen. 


the weight of calcium sulphate in the water. ¢ 


By similar calculations the factors for salts which requ 


found to be as in Table 77. 

The chemist usually calculates the weight of reagent cline 
jon content because the analysis is expressed in ions, but 
3 when calculated from hypothetical 


TABLE 77 
P\OPOWs FOR USE WITH HYPOTHETICAL COMBINATI 
, ONS 





Factor 


Malt 


practically the same @ 
(Consult Analytical Control of Water Softening, Univ. of Th Dye er 
8, No. 23, pP- 88-148. Boiler Waters: Their Chemical Ct Na:C0s | “Cad hime. 
and Treatment, Univ. of Tex. Bulletin, No. 1752.) m Cnc'l, yr 
While soda ash and lime are the most commonly RE ig ee en Pa 0.965 | | 
MAE ss ons eos + <Aae on 0 0.7791 ouiy Ide dsl 
RBar ice h atal 0.560 soe 


softening water because of their availability and cheap 


other substances may effect the same result. 
Chemical Treatment of Feedwater: Power, Dec. 19, 1922, p. 084 Sainte, MeCOy 
A Review of Feedwater Treatment: Power, Dee. 26, 1922, p. 1018, { wate, Mg(HCOs)s 
Relation of Water Purification to Boiler Operation: Nat. Engr. New See , : 
op piel. eos ale 0.529 0.699 


mile, CaCl. 
if] mem, WMO... 1... 00s ; 
be Cire eae 0.881 0.466 0.616 





t] © faetor 

Pohetituent 
ti) © 0.00888 « 1 1b. per 1000 gal 
7H gallon + 7 = 1 1b. per 1000 gal; 


gi ae i bien idl aon add (heoretical weight of reagent neces t 
| p h essary to eliminate this 


water or introduced directly into the boiler and the 
within the boiler itself, the process is commonly designit 
by boiler compound. A great variety of substances have 
for this internal treatment. Among them may be ment? 
lime, barium hydroxide, sodium silicate, sodium alumi 
trine, trisodium phosphate, and the like. Many of the 
pounds are worthless and actually aggravate the trouble ¥ 
supposed to remedy, but, taking all things into conside 
suitable compound is probably the least expensive fe 

“ treatment in moderate-sized plants where the water | 
amount of acale-forming elements and where the rate 


Hide ave available in liqui 

lia bclanto-necadintes cena aaa 

" through: the injector, feed it to the wis REF nae 

ieane of a sight-feed lubricator, or mt Py ibs 

_ F pump it from an 

flown to treatment wi iler ¢ i 

wining substances vie “mn em ace 
| blowing off and greater supervision than with adds 


1 
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treatment. The tendency in the modern plant is to d0 BED cither case Miaealiel-trestment alia 
a correct ratio 


use of substances within the boiler for reacting chemica Meagent, thorough mixi an 
or aiding mechanically in their elimination. Biiiuplotion of the po. le agitation of both, sufficient 
Interior Treatment of Boiler Waters: Railway Age, Nov. 12, 1921, fio and filtration. The cern isaa a Oe ication 
Treating Boiler Scale with Kerosene: Power Plant Engrg., Mar, fmluce the hardness of water to nt and continuous lime- 
lon an average of about 4 to 5 


The Sphere of Boiler ( Yompound: Power, July 8, 1924, p. 56. Table 78 gives diaea@ect of " 
soda-lime treatment i 

245. Water-softening and Purifying Plants. — Chemie wba 
feedwater outside the boiler is effected in “ water-softenii 
ing” plants. The term “ water softener ” is ordinarily app 
in which the temporary and permanent hardnesses are 
gible point, and the term “ purifying plants” to system® 
particular impurity or impurities are neutralized or comp 
In boiler practice the two terms are used synonymously 
to all systems of water treatment outside the boiler, 

plants are of two basic types, precipitation and zeolite, 
the reagents are added to the raw water and thoroughly 
precipitated impurities are removed by sedimentation @ 
the latter, chemical action takes place as the raw water 
forced through a layer of material known as zeolite, W 
property of exchanging sodium for calcium and magnesiil 
tion plants include two types of cold processes: the contt 
the water flows to the softener in a continuous stream)” 
mittent, in which the water is treated in batches. Whort 
are lime or lime and soda, as is usually the case, the planta 
designated as a lime or a lime-soda plant. The cold 
used chiefly in softening water for locomotives and in I 
space requirements are not restricted. The hot process i## 
in plants where exhaust steam is available for heating 


ives a section throu 
gh a Sorge-Cochrane hot 
Ming the continuous hot-process type. An open ade 
’ 







FEED WATER 
R 


Cah OHEATE! 
LJ 
HAW Warne One [Es 13 EXHAUST STEAM INLET 
T oa 
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A 
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uu dove, ‘ 
Pi, W428, Sor «e-Cochrane Hot-process Softener 


chemical reactions are greatly accelerated by heat, the b Sibe attached for eliminati 

requires less space, lighter foundations, less housing, leas pit He exhaust steam eliminating the greater part of the oil 

fittings than the cold-process plant, and the scale-forming Beasotlon and saihidasneaeites directly over a chamber 

completely removed and in considerably less time. ie and itn Se ion take place. The raw water 
The essential elements of the intermittent plant are (1) lon of tho disso! re is raised to that of the steam. 

or mixing vat for mixing and dissolving the chemicals, (2) ly ssolved gases is eliminated by this process. 


then mixed with the rea, i i 
ih. ‘Tho precipitated cata seal 5 aa ov 
Hentulion chamber, from which it can be sa An 
- . 7 order to eliminate convection sina i 
‘ “say m pep eo at the top and deantel 
The removal of sosléeaiilon ee a a sam 
i) in wo effective that, for many betel anal i 


reaction or solution tanks equipped with stirring devicos 
raw water and chemicals, and (3) a filter. The casent 
tinuous plant are (1) the chemical or mixing vat, (2) 
device for maintaining the correct ratio of chemicals te 
mixing or solution tank for mixing and agitating the wa 
(4) the precipitation or settling tank for sedimentation 
for removing any suspended matter which may be ¢ 
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7 ari NiwP. + Ca(HCO;)2 = CaP, +2 NaHCO; 
; . Other con 
nditions, filtering may be dispensed a sand filter NiwP, + CaSO, = CaP. + NaSO, 
on use of filters, and in this case a low-pres feed pump) NiwP. + Mg(HCO;), = MgP, + NaHCO, 
pe sedimentation tank and ved Modi Saaitlal of the | NiwP. + MgSO, = MgP. + Na,SQ, 
ravity. 
tealight Be eocsatic treatment of part of the MWHelions it will be seen that the temporary hardness due to 
softener pea for example in surface-condenser }) fil calcium bicarbonates is removed with the formation of 
only bee j fronted and the raw makeup vie er Honute, and the permanent hardness is removed with the 
condensate 18 to be duces the hardness W Hilium sulphate. 
“he hot process redu 
and treated. The 
: lion. 
grains per ga 


TABLE 78 


FI 
EFFECT OF SODA-LIME TREATMENT AND 
Niagara River — Buffalo, N. Y. 


shows a side elevation and sectional end elevation of a 
WH! woftening plant. It will be seen that the raw water is 
The Lop of a closed tank and is caused to percolate successively 

f of crushed marble, Permutit, and gravel. This filtration 
Weary purification, and the water leaving the system is of 


, Wt rich in sodium salts. When the exchange limit is 
) Whler is passed through the zeolite bed 


, Which are discharged to the sewer. 
| #xvept perhaps that due to attrition. 


Treated 


and sodium replaces 


There is no loss of 
Volatile and organit | 


ig. an 
Silica... ..+ +0005 Ar 
Oxides of iron and & 


Volatile and organic ernie: ‘i 
Bile pou aod alumina... 


Wee and disadvantages of the zeolite system have been 
Calcium carbonate... yl, Powell, as follows: 
wot : j LO cee 
; arbonate.....---- Magnesium hydra 
Pe cides oe 4s | Sodfom sulphates 
Magnesium barbenete Beeline ; Sodium fare rene i ADVANTAGES: 
chloride.......---> . Sodium nitrate. ...:rs 

ee ee : 
Sodium chloride....--.--+++-- 





1 from seolite softeners contains less calcium and magnesium than 
Total solids. ...s+05 Hethod with the exception of evaporators. 
Total solids......-+++++++°> : Mires less attention than any in which chemicals are used. 
d matter.....----++-- f fMiiired to house the apparatus than for a chemical softener. 
Tree carbonte ac as Incrusting substancet . My 4 as by recudred Pp Cc e 
4 Ie Fino ca8 is . 
Incrusting substance . 
llona, 
0.8 cent per 1000 ga 
Cost of treatment, 


Wf elicwo in required. 


ie Malorials will operate with varying hardness of water without 
te vf operation, 


e been in use for several 

Sibiat ies eer industries, but oa 
i cal x Recently, however, the value of this b 
es es a ater has been demonstrated and a gre a 
abs ree ‘ rvice. Zeolites are insoluble bye 
ey cae of exchanging their sodium content for 
vas anger die water. The exchange does not cone 
marae after which the zeolites may bee y 
‘ m8 bei ked in common brine, One of & : 
ia acster the trade reve ng _ bee 
fe arl ash. ’ t 
pre a fered = NaO, 6 HO. err 
pr aieanbol P,, the softening of water takes p 


following equations: 


PHY wont required for regeneration, is always obtainable and at a 


Heprevintion than with other types of softeners, 


Peele from deposits of chemicals after treatment. 
WW Witwol is fundamental in the method. 


DISADVANTAGES: 


PH Heentration of soda results than from the lime and soda process, 
PH Alorial is caused by attrition. 
W Hb Hpplicable to waters of high hardness, because of the rapid 
Mi tho high first cost in comparison with lime and soda treatment, 
Hyerated with turbid waters, but must be used in conjunction with 
Mipply contains suspended matter 


to eoften waters high in iron or manganese unless the water is 
theme constituents, 
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hl is not applicable to the softening of waters which contain acids unless 
1 Heutralized. 


WW eedwater: 1923 Report, Part B, Committee on Prime Movers, N.E.L.A. 
Niiler-!’cedwater with Zeolites: Power, Sept. 12, 1922, p. 412. 

ty Merits of Lime-soda and Zeolite Water Softening: Jour. Am. Wat. Wks. 
Hi), No 1, July, 1923. 


















fiive Coatings. — Various coatings have been applied inter- 
Mlernally for the purpose of protecting the metal surface from 
Hi! Internally only to prevent the adhesion of scale. Graphite, 
OW! oil, various organic compounds, galvanizing and carbon 
lwen used for internal surfacing with diversified results, 
eport that the treatment gave satisfactory results, others 
lite derived were too short-lived for practical considerations, 
Hiat the ill effects arising from the use of protective coatings 
Hiivel wny noticeable benefit. The application of any coating 
) which has already become scaled, in the hope of rotting 
fit recommended, because the loosened material may lodge 
1 dAtino blistering or even failure. Some coatings are greater 
i than the scale which they are intended to displace. Inter- 
Hil eorrosion and scale formation may be prevented by proper 
Minent and plant operation, as is evidenced by the per- 
Mwy of our modern plants where special attention has been 
Miiination of these troubles. 
(Moe paragraph 260.) 
fation. — Internal corrosion due to the presence of dis- 
Ht the foodwater may be entirely eliminated by removing the 
Wilor before it is fed into the economizer or boiler. There 
HP! Processes for effecting this result: (1) deaération, or the 
“4 men by boiling the water and the subsequent withdrawal 
1 Millable means, and (2) deactivation, or the absorption of 
Mie chemical reagent, such as iron turnings. There are 
Hi entrators and deactivators on the market. Among the 
HH jiwntioned the Elliott “‘ Contraflo” and Cochrane, and 
fey (he Speller, 
ls sulliciont exhaust steam to heat the feedwater to 212 
Hp heater, with large tray surface or efficient spray nozzles, 
‘wun pump or ejector, is capable of reducing the gas 
Hisinately 0.5 ce. per liter, Where the temperature of 
leew than 210-212 dog. fahr., the water is run into a closed 
@ eprayed, or otherwise broken up by spilling over pans, 
Minewhat below that corresponding to the boiling point 
He Intake fomperature, ‘The entrance of the water into 
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the vacuum chamber causes some of it to flash into vapor ( 
ing), and the vapor, in its violent formation throughout the 
carries with it practically all the dissolved gases. This p) 
sive boiling is not necessarily limited to low feed ver ) 
the higher the initial temperature, the better will be the 
When operating with an open-heater temperature of 210 ¢ 


Hwmy of Preheating Feedwater. — Although a feedwater heater 
fw extent as a purifier, its primary function is that of heating 
Mince the heat content of live steam ranges from 1100 to 1300 
Ih), wbove 32 deg. fahr., 1 per cent less heat is required to evapo- 
(Water into steam for every 11 to 13 deg. that the water is 
Whe decrease in fuel consumption, or saving in fuel, due to heat- 


. P lwater will vary with the overall efficiency of the boiler unit. 
separator temperature . 188 jong Bi “ Elliott Cea , the temperature of the feedwater does not appreciably affect 
remove all but 0.02 ce. of gas pe ; Miviency, but with some types of boilers, changes in temperature 
er Veurve Wereane the rate of heat transfer and hence the efficiency. 
od ‘its the heat content of the boiler steam above 32 deg. fahr., 
\/._ Hot Well 


Ra koas’ Gs by sioih initial and final temperature of the feedwater, respectively, e 


Milviency of the boiler unit, then S, the per cent saving in fuel 
tii”, may be expressed 






coe (t bn al to)e 
S = 100 Fh — 32) . (236) 


Auxiliary __, Fe 
Steam Jet 


Exhaust Steam__, > 
to Deaeratar s 


#0, . Steam pressure, 200 Ib. gage; superheat, 100 deg. fahr.; 
Pia! temperature of feedwater, 80 and 210 deg. fahr. respec- 
Milviency 75 per cent. 

Mviiiw in fuel due to heating the feedwater. 


Deaerated Water 
To Boiler Feed Pump 


Fig. 384. Cross Section of a Typical Fia, 385. = 
Deaérator (Elliott). on 


» Her H (from steam tables) is 1259, to = 80, ¢ = 210, 


(210 — 80) 0.75 
1259 — (80 — 32) 


8.0 per cent. 


S = 100 
In the commercial type of deactivator, the water to be 


as high as possible under the plant conditions, and then 
tank filled with iron turnings or thin perforated platen ¢ 
activating material, which absorb the oxygen or other fie 
The higher the temperature, the more rapid is the action 
ting material and the smaller can be the apparatus for & | 
Where the feed temperature is below 200 deg. fahr, 
complete elimination of both corrosive and other none 
is desired, a combination of deaérator and pie 
employed. Figure 385 gives diagrammatic layout of et 
designed by the Anti-corrosion Engrg. Corporation, 
ordinary vertical open heater from which the water la | 
at lower pressure, but not so low as to boil the water, #0 
is required. 
The Degasification of Boiler Feedwater: IR. MoDermet, ’ 
44, 1922; Prime Movers Committee, N.E.LA,, 1928, Report, 
Field Method for Determining Dissolved Oxygen: Power, Dew, 


“! pon equation (236) for 100 per cent boiler efficiency, 
© guide in approximating savings due to preheating feed- 


Hon of Feedwater Heaters. — Feedwater heaters may be 
Hig to the source of heat, as 


Uline Source of heat 


Exhaust from engines, turbines, etc. 
Steam bled from intermediate stages of 
turbines and engines. 

Exhaust steam for condenser air ejectors. 

Steam used for sealing glands. 

Flue gases and waste-heat gases, 

Steam which has not been partially con- 
verted to work, 
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Or, according to the method of heat transmission Be ty whi 
f@, in which the pressure is above atmospheric 


Class Method Hay be sti 
1. Open Direct contact of steam ‘ y be still further classified as 
2. Closed Steam and water separ , in which only such st i 
eam is admitted as is i 
$s induced by its 


" ‘That is, th 
at is, the feedwater co 
: mden: A 
WAN which draws in more stea ses the steam. ‘This creates 


TABLE 79 h, i '¢ 
‘ 1 whie : 

PERCENTAGE OF SAVING FOR EACH DEGREE OF INCREASE IN THM Bai - uC h all the steam is forced through 

FEEDWATER ; Monsation. ugh the heater irre- 


(Based on Marks & Davis Steam Tables) Miilwater heaters, condensers, and c 
? oolers are heat 
exchangers 
? 


{ exchanger with i 
out ion i . 
ty appli- qualification is ordinarily applied to 























Steam Pressure, Lb. per Sq. In. Gage. (Satu 

























Tnitial 

140 i heat is 

‘ fron one 

32 , hws iF 
40 |.0878 |-osr1 | 0864 | 0850 |-0856 |: Heaters. a 
60° ; ; : ? : : : wives oa fli 
70 . ; d : . : : ', yoo oa ree its 
90 Wal food x = 
4 tye and = ae — mh Mil A 
120 Pewiple of => "igh , il j eSpintet 
oss fh Ix ; 3 MN ad 
150 Heme tho 
ve A tlited 
180 mw taal 
i ~ oul 
210 He the 
220 Hilo 
240 WH Wante 
or Hilatod 


Iwate 
pale 





















Multiply the factor in the table corresponding to any given initial tomperalure wt 


pressure by the total rise in feedwater temperature; the product will be the percentage 
, wl in 
Heaters may also be classified according to the pres#iure A wiHlon 
wo 


steam, as 

1. Vacuum, or primary, in which the pressure is leas t 
as, for example, the exhaust from condensing units and ste 
lower stages of a steam turbine. Vacuum heaters are Us 
type unless the jet condenser of the house turbine is ¢l 

2. Atmospheric, or secondary, in which the pressure If 
literally, that corresponding to the back pressure Of 


pumps. 


dtodd A, 
favo! "ta, 886. Cochrane Feedwater Heater 


Hivided satrear 
ream before reachi 
ing the reservoir i 
oir in the 


f Coming in contact with 
es the water parti i 
_ rye bere of the SR eladcaenine pr od 
oe Le rays, from which it may be remoy d. 
_: inated by & coke filter in the bott ow 
ting impurities are decanted by a ‘de 
er 


























































INEERIN ‘ WATER TREATMENT, HEATERS, EVAPORATORS 585 
TEAM POWER PLANT ENG 
584 


j | /! — q) = heat given up by the steam, and W, (Y= q) = 
| hy the water. 


) Heulocting losses, 
W.1 (H — q = W2 (q— q) 


} }wotical purposes may be written 


The particular wines pee bs 
i ~heating ; 
use in a steam-hea | 
cs of an open heater, i pro . 
f the condensation returne' 


or overflow a 
especially designe 
forming all the = 
tion and heatimg © 


H, passes Wi (H —t+ 82) = Wz (t — t,) (237) 
tyne, Exhaust steam enters at 1, wall 
the “pan” type. syrrounds pans T, T. The fee a HM) ls applicable to all phases of open and closed heater prac- 
O, and completely sur Hi) in called to the fact that the maximum value of ¢ can 
Hil of the steam used for heating. 


\ 1000-hp. non-condensing uniflow engine used 24.5 Ib. 
i) per ichp-hr.; initial pressure 150 Ib. abs.; back pres- 
IWiiperature of water supply 62 deg. fahr. Required the 


*iine steam supply which must be used for heating the 
Hiximum obtainable. 


The toaximum temperature possible with steam at atmos- 
# ¥le2 dog. fahr.; i. e., ¢ = 212. H may be calculated 
1/10) nnwuming a loss of 1 per cent, thus: 


© 100.4 — 0.01 x 1193.4 — 2547/25 = 1079.7 


fF Prhelice the total weight of hot water available is that 
plus that of the cold water supplied. The total weight 
Hihlem, assuming no losses, is 24.5 X 1000 = 24,500 Ib. 


Ny, the weight of cold water to be supplied = 24,500 
Hin W, = 24,500 — W,, H = 1079.7, ¢ = 212, and t 
197) wand solving for W, we have 


W7 = 212 + 32) = (24,500 — W,) (212 — 62) 


Fic. 387. Typical Open Heater, Horizontal. (W 
1G. 387. 


i lve F, which is cont 

w is regulated by va —_ 

“ = q i wer part of the chamber. The a o 

float in bi at of the pans, comes into pe é . ee 

gegen > Open Heater and Chemical rifler | 
251. 


i i finding iW 
hemical purifiers are 
oll 7 districts where the feedwater in 


WH) © 1500/24,500 = 0.148 or 14.3 per cent. 
some engineers 10 the use 0 9,000 1b, of steam per hr. are bled from the 17 Ib. per sq. 
space limitations 5 Ge urification is highly Mi Blears (urbine to an open heater. If the turbine water 
properly peat PA , too small and sufficient : Why at the 17 Ib. stage, required the temperature to 
le the eq 
general ru 


f on be heated if the total weight of feedwater is 


Hiitial pressure 300 Ib. abs., superheat 200 deg. fahr., 
wate 02 deg, fahr, 


i urification. an 
aaa Exchange in Open Heaters. 


ator 
into the heat exchange between the steam and W 
into 
ted as follows: 
a ed q represent, respectively, nea 
a Seat: water and outlet water, yd = 7 
pre ture of the water,"deg. fahr. ; - : 
pa and water heated, tb. per hr. 


Weight of condensate to be heated, = 300,000 — 
phi 


)}, twuming the turbine and generator efficiency 


THO  8415/(21 X 0.95) = 1148, 
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Substituting H = 1148, t= 92 and W. = 290,000 im 


Ppectively 0.4 and 0.6 the volume of the shell with clear and 
and solving for ¢ we have 


' Wilters occupy from 10 to 15 per cent of the volume of the 


ay is 143) ~ 200 Bie roan conspcice 2 Sa ae 

ye i65 deg, fahr., approximately. percentage correspo 1g to clear water an the larger 

t= 1 Her or water containing a considerable quantity of impurities. 

n Open Feedwater Heat Heaters. — Closed steam heaters bear the same relation- 

253. Pan Surface ‘aan is the quality of the laters as do surface condensers to jet condensers; in fact, 
surface required varies aterial and mud, but may be app fer are condensers. In all surface condensers, except those 
to both scale-making m " } Works type, the cooling water passes through the tubes and 
formula . Pounds of water heated pet m® feross or around the tubes, while in the majority of 
Pan surface, sq. ft. = c ‘ lator the reverse is true. In surface condensers, the tubes 

Mraight; but in closed heaters, because of the higher tem- 


Hiihow are frequently bent, coiled, or corrugated to provide 
ye expansion. Closed heaters operate with either parallel 
; ‘ul the water passes directly through a single nest of 
How) or back and forth through a series of nests (multi-flow). 
Where scale-free water is available, the water is forced across 
fee in a thin sheet or film (film heaters). 

shows a section through a multi-flow straight-tube closed 
Hie the type most commonly found in power plant practice. 


For very muddy water, A ai eaalbnaae gt oat ae 
Slightly muddy water, c....-+------:-1reers7 77778 
For clean water, C...------serereee 


254. Size of Shell, Open Heaters. s Cnet “" 
heaters vary considerably on account if “4 re 
pans or trays, filters, and oil-extracting ae ir 
of shell required may be obtained by the form 


horsepower 
Area of shell = a@ X length in 10h 
horsepower 
Length of shell = a X area in squll 
a = 2.15 for very mule 
a=6 for slightly mt 

a=8 for clean 


Water Outlet 
v 













































































Blow-Offs 





























The horsepower in this case is obtained by dividing the 


i ‘ f the engl Typionl Closed Heater with Floating Heads. (Alberger.) 

heated per hour by the steam consumption 0 

per hour. ‘ad ft. and less are usually made MW Owe iron and the shell of cast iron or sheet steel. The 
Pans containing 2.5 sq. tt. and & umstances Willis Hilo # fixed head at the inlet end and into a loose or float- 

sizes rectangular in plan. Nibevie ud ie tier, since it ta Hiher end, thus providing for contraction or expansion. 

have not more than eter re met mon veldeli ovor ford easy access to the tubes without breaking steam 

portion the pans so as : 


eldom less than of 


Ou 


tw, Condensate is removed from the bottom of the 
hy & suitable drip. Both the fixed and floating heads 
five the water to pass back and forth through different 
le Increase of length of water travel permits of higher 
#orresponding increase in rate of heat transmission, 


i petween trays or pans 18 sel 
me ly and one-fourth the dane 
of storage and settling chamber in horizon Pe a 
good quality of water to 0.4 of the conection ; . 
0.33 being about the average. In the vertical type, # 











































STEAM POWER PLANT ENGINEERING PWATER TREATMENT, HEATERS, EVAPORATORS 589 


- shows a section through a closed heater in which expansion 
ly bending the tubes as indicated. In Fig. 390 and Fig. 391 
We coiled, giving a long water travel and at the same time 
tw PXpansion. 

lwutors are sometimes employed because the scale adheres 
if the tubes instead of the inner surfaces. Where the scale 


Miliive that it can be readily loosened by any simple treatment, 
Hi) can be easily removed by washing through the various 
Hled for this purpose. Figure 392 shows a section through 

tile type. 

flement in a film heater consists usually of two spirally 
‘Wie, one within the other, the water path being the small 
































fie between the two. Thus the water is directed in a 
He to the corrugations, and for a given velocity the particles 
More often in contact with the heating surface than in 
Henne they are contained within an annular space whose 
lavue in comparison with its area. This type of heater, 
Milciont in heat transmission, necessitates the use of com- 
water and is not commonly used for heating raw water. 
PAHemission in Closed Heaters. — Since the closed heater 
ti same in principle as a surface condenser, the laws of 
i) wre practically identical in both cases, at least for 
lonperatures under 180 deg. fahr. Above this tempera- 
fe: wanes appear to have a marked influence on the amount 
fred, (Consult ‘The Laws of Heat Transfer,” Engrg., 
fi to Aug. 24; 1923.) Because of the liberal factors allowed 
fe wulliciently accurate for most engineering designs to as- 
fiilamental laws for water heaters and condensers are the 
fit the velocity of the fluid which is to be heated in passing 
ter inereases the rate of heat transmission and thereby 
Him surface more effective. In order to employ moder- 
tiie and at the same time allow sufficient time in which to 
falure to & maximum, the passages through the heater 
if # practicable and of small cross-sectional area. Other 
jal, & heater containing a large number of passages of 
Hil area is more efficient than one containing a small 
Boparator ifey jwwwagos. It is important to proportion the heater 
+ { fount of fluid to be heated and the maximum tempera- 
Hid must be raised, In designing a heater, then, the 
ture to which the fluid is to be raised and the coeffi- 
fey are aasumed and the amount of heating surface is 
ation (241) or (242), 











Blow-Off 


ical 
Fra. 389. Typical U-tube Closed Fie. a on - ‘a 
Heater. (Berryman Type.) 





Fic. 801. Typical Coil Heater. 
(National.) 
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Although recent expe 
through the heating sur 
temperature difference, 
(0.8 to 0.9) and it may 
liberal factor allowed in 
fer, U. With this assumption, 
calculated from the following mo 


S = cw (bh — t.) + Ud 


| ~ 4, the temperature gradient for a given heater may be 
Wiwtrated in Fig. 393.1 

Wilion (241) it will be seen that the extent of heating surface 
i) the weight and specific heat of the fluid to be heated, the 
i! the steam, the desired final temperature of the fluid, and 
Mellicient of heat transfer, U. 

Mlent of heating surfaces increases rapidly as t approaches 
HW infinity for & = ¢,, it is desirable to limit tg to some prac- 
Ai average maximum of f for feedwater heaters = t, — 4. 
Ment of heat transfer in tubular feedwater heaters varies 


riment shows that the amount of 
face is proportional to some 
the value of the exponent is 
be safely taken as such, partic 
the assumed value of the coeffi 
the extent of heating: 
dification of equation ( 








liiills, depending upon the F 
in which ‘ ft ty und the conditions of a 
i ace, Sq. It., res f U = 150 
S = total tube heating suriace, S ted; fan ranges from 
c = mean specific heat of the fuid to: bea heaters with low water 





1000 or more in the 
W vorrugated brass’ tube 
Water velocity of 7 ft. per 
I} Wuperheated steam the Fig. 393. Temperature Gradient 
Wal transferred through in Feedwater Heater Tube. 

He lw practically the same 

fil loam, the pressure being the same in each case. This 
fet that the outer surface of the tube cannot rise under 


files 3 ak ted per hr., lb 
= weight of fluid heate ar., Ib., 
4 = pies temperature of the fluid, deg. eo 
t, = initial temperature of the fluid, deg. - " 7 
j = mean coefficient of heat transfer for the 
ay ft. per deg. difference in temperature per 
d= Ate temperature difference between the stem 


fluid to be heated. 





Temperature 








‘ ious influencing f Hive above the saturation temperature of the steam 

; tice, where the various 1 : ; Pp ’ 

aah veufficiently accurate to take the arith Hi Amount of superheat. Therefore, the same value of U 
established, it is s Heater manufacturers, however, fy both saturated and superheated steam, since the tem- 


in equation Sages 
calculation on the logarithmic 
Substituting the logarithmic value of 


we have 


ithmic mean as given in equation 


. fee between the circulating water and the outer surface 
din equation ( 


1 the same in each case. (Consult ‘‘ Superheated Steam 
i Cloned Heaters,” by B. C. Sprague, Power, Jan. 29, 
) th large central stations operating with highly super- 
Hie exhaust from the steam-driven auxiliaries and from the 
Plowing wlage of the turbine is frequently superheated. In 
# the exhaust or bled steam is sometimes “ desuperheated ”’ 
Hie heater, In practice a liberal factor is allowed for pos- 
HH die to the presence of air and the accumulation of 
} lepositn on the tube surfaces. The “ average” values 


eating surface S, the tem 


and the feedwater leaving 
t; — t, thus 


For a given extent of h 
team. 

between that of the s 
calculated by solving equation (242) for 
(t; — t.) — (ts —b) = @ | : 

heey in predicting the temperature gradient, D. K. Dean (Indus. 
fy, 1044, p, 483) offers the following modification of equation (242) 


in which w (ts — to) (ty + a) 
ian logarithm 0G ate a)’ 
e = base of the Naperian loga Maa) Me = te) Me + a) 

= 2.718, Miielante for a given design and set of operating ¢onditions, 


CS apbendiieata pits Miation (242), For the method of determining a and 6 consult 


By taking different extents of area, S, and solving 








592 







Atmospheric Heaters 


Vacuum Heaters between Engine and Condenser 













Temp. 212 deg. fabr- 
196 200 204 


Atmospheric Pressure. 


192 







Final Temperature of Feedwater 


25 in. Vacuum. f, = 134 deg. fahr. 





24in. Vacuum. Temperature 141 deg. fahr. 





40 

10.51) 12.51 50 
60 

70 


5.79 | 6.44 | 7.15 | 8.36 10.38] 12.30 
8.23 | 10.15) 12.15 


10.72| 12.74 


6.65 | 7.58 | 8.73 


5.94 | 6.58 | 7.44 | 8.58 
5.58 | 6.22 | 7.01 


80 
90 


100 


9.94] 11.85 
9.80| 11.79 
9.52) 11.50 


9.37| 11.37 


5.37 | 6.01 | 6.87 | 8.00 
5.15 | 5.79 | 6.57 | 7.80 


4.93 | 5.51 | 6.36 | 7-51 





= 100° 





7in. Vac. t, = 114° | 28 in. Vac. ts 
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| 


Final Temperature of the Feedwater 


= 125° 


ts 


26 in. Vac. 





105 


4.79 | 5.46 | 6.22 | 7.37 
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Mile 81 are very conservative, and a heater based upon these 
Hperate with the predetermined high water temperatures for 
Without cleaning. With scale-free water and steam, and high 
tims, the higher values are frequently used. For steam coils 
i} water and from which the condensation is withdrawn as 
ls formed, the value of 
MW) Appears to give satis. 
tn  o00 
wir heaters, under prac- 4 i é 
Pheric conditions, the em ee | Ey Dy ¥ { 
W 1 for plain brass tubes 5 wo 7 ay 
1% to 25, depending 4 meee yer, 
WH tho initial condition 3°] Ay, 
. a ay 
Hil the velocity of the 3 500 a 
the passage, the lower # | y y 
}M 27-in, vacuum and 3 Ws is 
wei ft. per sec., and E s00 r 
We for steam at 100 lb. & 
Welovity of 30 ft. per a [acaba , 
el surfaces, as in the 3 100 4 si 
fivtion, Fig. 380, the 
 eonsiderably higher 9 M witee idooley-e dentate 
Hilo Fra. 394. Coefficient of Heat Trans- 
heaters, the number fer. (For General Design.) 
© wront that specific 
Wil from the manufacturer. The values in Table 83 are 
7h of heater and set of operating conditions and are of 


i showing the variation in the value of U with the velocity 


> The exhaust from a 200-hp. single non-condensing engine 
Heating water in a closed heater. If the water rate of the 

je’ ihp-hr., initial pressure 115 Ib. abs., dry steam at 

fl the amount of water which can be heated by the 
initial Lemperature of 58 deg. to a final temperature of 

| i) the extent of heating surface necessary to effect this 

; YAO, 

equation (146), assuming H, = 0.01 H;, we find 

RAN ~ 2547/30 — 0.01 X 1188.8 = 1092 B.t.u. 


© 1002, & = 58 and ¢ = 208 in equation (237) and 


M0 (1002 — 208 +- 32) = Wy (208 — 58), 
WAH0 Ib, of water heated per hr. 
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Substituting W = We = 36,640, t, = 212, t. = 58) | 
250 in equation (242) and solving, we have 
36,640, 212 — 58 


TABLE 82 
NEAT TRANSFER — SUBMERGED STEAM COILS 














OU) Us" ae 
S = 550 18512 — 208 585. ee oo a 
Example 64. — Determine the length of 3/4 in. (OF = Coefficient of Heat Transfer, U 
. . iad a 
brass tubes in a closed heater designed to heat water Pee ars 
fahr., steam temperature 212 deg. fahr., water velocity = Brass Clie 
= 400. 
100 200 
Solution. — S = wdl/12 = 3.14 dl/12 = 0.197 L. 175 220 
‘ ) 200 275 300 
; 225 375 400 
450 475 


| = water travel or total length of pass, 


_ 2X 3600 X dS 7200 x 3.14 x (5/8)? % Ome 













“ioe 144 x4 144 X 4 ; 
Substituting these values in equation (241), TABLE 83 
957 212 — 60 Pheer — srzam To rurt-om, § IN. 15 
0.197 l = —~- logesap 10 , § IN. 15 GAGE STEEL TUBES 
400 212 — 196 un ’ PN fi 
Ft. per Seo, U Vglosity of Oil y 


1 = 27.3 ft. approx. 





es 


From which 


Example 65. — A 200-sq.-ft. closed heater is rated at | 
per hour, initial temperature 60 deg. fahr., steam (OP 
fahr., U = 300. Required the final temperature of th 

NO 


Solution. — Here e = 2.718, S= 200, U = 800, © 
SU/w = 200 X 300/40,000 = 1.5, ts = 212, to = 60, 
values in equation (243) and solving, we have 


(212 — 60) + (212 — t) = 2,718") 
t, = 178.1 deg. 





Wf Heatexchanger Design: Mech. Engrg., Dee. ’24, p. 891 
. 24, p. 891. 


1 " » 
om eee WES bcs and closed heaters have their 
, und a careful study of the various i i 
yan 1s infl 
ary for an intelligent choice. The following parallel 
mit & few of the distinguishing features: es 


TABLE 81 
HEAT TRANSMISSION IN CLOSED FERDWATHR von 
(Based on Commercial Designs) Bficiency CLosep Hater 
tn fan hanti 
1 team for heating The maximum temperature of the feed 
e feed- 


fens h the same tem i 
. - water will always be 2 degr 
a. ; lower than - the taraphreture “of the 
1 heat trans - steam. ee 
Seale and oil deposi 
leposit on the t 
heat transmission is eeene eee 


Type of Heater 


UmmPUNDTNTITTTET Sons anvID aa ne 


Single-flow, plain brass Te err 
Single-flow, corrugated brass tubes.......+ssssssrerees 


Pressures 







Single-flow, steel Lubes. .s.de so aeeme nee ne (eet ee \ ; 
Spiral coils, plain brass tub@BisccscesseseeBetes ed eeuuen Hhieeted to much — The wate +. al? 
ulti-flow, plain brass tubes......seseereeereeeerenees H pPemmure that rag the boiler slightly greater than 
Multi-flow, corrugated brass tubes.....-++.++rssssser' pressure side of tl when placed on the 
Plain brass tubes with retarders.....++ssssseesseeeeee ary, 1e pump as is custom- 
Film heater with corrugated tubes... ..rerreeeeersnees Sal 
' Safety a 
* Because of tho many variablos entering into the problem of heat Mandy my It yrill nfoly withstand any So 
our, 


uld be had from the manulaovurer, 
ney, 


interest only, Specific data sho 
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Purification 0 i 
on fore » the area of the pipe supplying the heater with steam 
Ohe-sixth that of the main exhaust. With the heater con- 


Since the exhaust steam and feedwater 





































mingle, Prov TN Oem Scale is removed Wig. 395, the i 
Seale onal ether dmmpurities precipitated in Does not remove ine at Dir “ ms connections must necessarily be the same size 
the heater are readily ane a vented to lower fvrangement the heat ee 
meena ila Mperation, and ccs cise oe ae on 
“a pted for plants working 
Lookion Kor the purpose of cutting out a heater 
SEED i placed above the pump May be placed at iil i in operation, a through heater may be 
suction and on the suction side. side of the pump i) Vig. 896. Advantage may be taken here 
poeal lible reduction in the size of pipes and 
With supply under suction, two pumps One cold-water pul *, eevee, ete. at C and D need be but 
are necessary and one must handle hot tive of those at A. This reduction in size 
se 1) we & considerable item in large installa- 
Adaptability 
Particularly adaptable for heating systems | Vacuum or primary howe a typical installation of an “induced” 
this type. /eondensing plant, which is representative Me re! an 
assed Heater. 


where it is desired to pipe the “returns” 
Adaptable to stage 


direct to heater. flite, In the arrangement in Fig. 397 the 


“Wiliwe is reduced to a minimum and the heater may b 
mii Since induced heaters are apt to become air fouhke 
mF vont connected to a trap is inserted in the top of the 
Wi, Iligure 398 shows a typical installation of an open 


258. Arrangement of Heaters. — Figure 395 shows # 
of an open heater connected as & “through ”’ heater, 
was common in the older designs of non-condensing fi 


Cold Water Supply 
t 

























Exhaust Pipe 
Exhaust to Heat 
Vin, 407, 


Typical ‘‘ Induced” Heater. 


Fi. 395. Typical “Through” Heater, 
fit plant, in which the exhaust from the auxiliaries 
iter and house heating and the deficiency is made up 
turbine, 

file of heaters will be found in connection with the 
Mation heat balance, see paragraph 265. 

Heaters and Purifiers. — The function of a live-steam 
fwwlving steam at boiler pressure is primarily that of 


practically superseded by the “ induced” connection I 
397. It is evident that all the steam must pass through \ 
1 Ib. of exhaust steam in condensing gives up approxit 
Hence, if the initial temperature of the feedwater ia 
final temperature 210, the engine furnishes 1000/( 
say, six times the quantity necessary for heating the fe 
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purification. Live-steam heaters are seldom installed even 
water contains scale-forming elements such as sulphates of 
nesia. These, as previously stated, are not entirely p 


# and condenses. The water on entering the heater at B is fed 
[ }) an and, overflowing the edges, follows the under side of the 
titer and drops into the pan below. It flows over each suc- 
i the same manner until it reaches the chamber at the bottom, 
fiyilates to the boiler through pipe C. As the steam inclosed 
/ *HNe8 in contact with the thin film of water, the solids held in 















Valve ‘fo Atmosphere mparated and adhere to the bottom of the pans in the same 
To Heating <—“ Wen» ¢ |} — —> 73 Heating rt | stalactites form on the roofs of natural caves. Authentic 
System LN Supplementary Steam 


from Turbine 


Het live-steam heaters may increase the boiler efficiency to a 





Saal 


Fic. 398. Open Heater in a Condensing Plant, — 





© 10 Typical Installation of a “Live-steam” Purifier. 


temperature of approximately 500 deg. fahr. is reached i | 
of heating with exhaust steam at atmospheric pressure 
purify feedwater containing these elements. If properly A 


clinwol 



























be iit In most instances there is a slight loss due to the heat 
mant Water shell to the surroundings. (See Power, Feb. 21, 1911, 
jiirifier should be set in such a position as will bring the 
soction shell 2 ft, or more above the water level of the boilers, as 
Hopr W We the feed pipe from pump to purifier and should be pro- 
purifier, Heh valve. D is the gravity pipe through which the_puri- 
purifier y (he boiler, This pipe should be carried below the water 
to full b lore wid all branch pipes should be taken off below the water 
the ile from top of pipe S to pump or other steam-using 
are W \eoommury in order that air and other non-condensable 
atool, fom the water may be removed from the purifier, which 
shell heoome air-bound, In the illustration, the feed pump 
Pia. 399. Hoppes Live-steam Purifier, of 


froin an exhaust-steam heater C, The purifier is pro- 
ile by-pass so that the water may be fed directly to the 
ry, 


rted on & 
or trays placed one above another and suppo 
Steam from the boiler enters the chamber at A and cor 
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} the exception of the small amount lost through radiation and 
W " blow.” 
Hors may also be classified according to the means of effecting 
1), us flash type, in which the vapor “ flashes” from a body of 
HF lvjocted into a chamber under a partial vacuum; film type, in 
Mls film of water passes over the surface of tubes filled with steam, 
#iged tube, in which heat is imparted to the raw water by 
} rom submerged tubes filled with steam. 
ition takes place in one stage the apparatus is designated as 
Wigle-effect. A double-effect distilling plant is one in which 
fit One evaporator, called the first effect, is condensed in the 
| uf wnother, called the second effect, the vapor from the latter 
Hime in the usual way. In a triple-effect distilling plant the 


Heaters receiving steam bled from the high-pressure 
turbines are not classified as live-steam heaters. 

260. Distillation. — Sea water, which contains a high 
sodium compounds, cannot be purified by any practical 
ment, and the only means of removing the dissolved soli¢ 
tion. For this reason marine steam plants are invariab y 
distilling plants. Certain inland waters also contain a 
of sodium salts and evaporation is the only possible trem 
deaérated distilled water is practically free from all imp 
of high rates of evaporation with minimum cost of up 
for feed purposes may be advisable even where raw water 
content. This is particularly true in the large central ' 
heavy peak loads and high overall rate of driving. 


Pre : \ukes place in three stages; in a quadruple-effect plant there 
productive of the purest water, — 6 h: oo Hives, ond so on up to as high as twelve stages. In order that 
ag Ee ec i i iy ate a ‘ t and op My poss through the evaporator heating surface into the raw 
be more than tani by the increased investmen ferry to maintain a steam temperature higher than that of 
evaporating plant. Det ie ‘ail _ Within the usual working limits the heat transferred will 

The most common method of ae ci p Hivelly with the temperature difference so that the greater the 
evaporators using steam as a heating oe ied tha condens iliflerence the less heating surface will be required to produce 
be atiany pressure and gegen eit the below Hint of vapor. It will, therefore, be seen that a multiple- 
lent receiving the vapor can maintain oe Evaporatel Weting plant will produce.no more distilled water than a 
to the final temperature of the disti ae hae is GUE HYaporator of the same size as one of the multiple-effect units, 
classified as Bast ef. agency ge vacullll systen Hal sloam pressures and final vapor pressures are the same in 
sure considerably above atm ’ 


Hit the pounds of distillate obtained per Ib. of steam will be 
tie number of effects increases. While exact figures vary 
With conditions, the distillate produced per Ib. of steam 
WL O8 lb, 1.5 Ib., 2 Ib. and 2.4 lb., for one, two, three and four 
‘ively, If the heat of the vapor were rejected to waste, the 
pele would be limited only by the investment costs, but the 


pressure is at or below atmospheric. Evaporators may 
fied as low-heat-level, in which evaporation takes place a 
and corresponding pressure, and high-heat-level, in 

takes place at high temperature and corresponding 
heat-level evaporator usually exhausts to an open hew 
little above atmospheric, while the high-heat-level ap 


through which tll fy fan always absorb a certain amount of heat so the saving 
a special heater or surface condenser ‘heal tempor He Wiilixation of the heat rejected at the last stage must be 
after leaving the pe Teena ba cae at a pressure Wileration, Ordinarily two effects are used, aside from any 
will be well above eg. tahr., 


Pilerations, to provide needed flexibility and to permit 
fone effect is down for cleaning. 

howe « nection through the evaporating chamber of an Elliott 
Mielrating the general principles of the flash type. Raw 
i) an ordinary exhaust-steam closed feedwater heater and 
j} the chamber over a series of baffles. In flowing over 
me water surface is exposed. Part of the water is evapo- 
jrowmure to the chamber is maintained below the boiling 
| falls bo the bottom, The water at the bottom, plus 


pheric. The evaporators of a low-heat-level distilling | 
operated with boiler steam at full or reduced pressure & 
exhaust steam at a pressure as low as 2 |b, ee 
low-pressure exhaust steam, the vapor produced will h 
tained at a vacuum. High-heat-level evaporators are 
on full boiler-steam pressure and the resulting high 4 
is condensed in a high oo eae a 
roximately 210 deg. fahr, for coo ia 
the Lal als reabsorbs all the heat given up 
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‘WATE 
HYWATER TREATMENT, HEATERS, EVAPORATORS 6 
) 03 


whatever makeup is necessary to supply the evapo 
through the heater and then back again to the evape 
The baffles remove whatever moisture may be entrained 
The latter is discharged into the main condenser or 10 # 
condenser so that a vacuum is always maintained in the 
charging the vapor into the 
unit is very uneconomical fre 
standpoint because the heat 
wster vapor above that of the main 1 
is rejected to the circulating 
purities in the raw water are 
a certain degree of concen 
The amount of water evape 
mately 1 per cent of that ¢ 
ten degrees temperature dep 





Distributing Nozzle Perforated Spray Plate 


Deflecting Plate 









ger 


| LTC 


——————e | 







Bash persica) 


Olroulating Pipe 










= } Wa. 402. Lillie Fi 
ater outlet Example 66. — Raw water . Lillie Film-type E 
Fic. 401. Single-etfect Flash of 208 deg. fahr. is pum Mi ti 
 Byvaporator (Elliott). of a flash-type evaporator i W 
of 24 in. (referred to 80-iny 


ulated 


maintained. What percentage of the water ciré 
vapor. 


VA LYS SESS 









Solution. — Temperature corresponding to 24-in, ‘Vel 
fabr. Heat given up by each Ib. of water due to tel 1 ‘Te 
208 — 141 = 67 P.t.u. Latent heat of steam at 141 dog. 
B.t.u. per lb. Therefore, the weight of water evaports ( 
culating water will be 67 + 1012.6 = 0.066, or 6.6 per 
ing to approximately one per cent for each 10 deg, 
Since the latent heat does not vary much with the ten ' 
sures at pressures below atmospheric the same tem 
would produce practically the same percentage of flaws 
actual initial temperature. 
In the majority of evaporating plants the heathy of 
nwt 


ing 
N 


x 
$ 
N 






carried on in the evaporating chamber and not 
Figure 402 shows @ section through a Lillie evaporator 
film type of construction. The evaporating chamber lit 
with. a nest of steam tubes which constitute the heatin 

water, the level of which is maintained below the ioweall 
that they are at no time stibmerged, is taken up by a ¢ 
from the ‘‘ pump well,” discharged into the top of the shell 
over a perforated spray plate. From this plate it falls do 
in a thin film, part of it flashes into vapor and the rest dre 
of the chamber. The water in the pump well plus the 
is circulated over and over again. Condensate from 
pure distilled water (aaabe the steam used for f 
impurities), and may be used as part of the feed supply. 

igure 408 shows @ section through a Reilly evape 
















: Mubmerged-tube Type Evaporator, (Reilly.) 
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HDWATER TREATMENT, HEATERS, EVAPORATORS — 605 
submerged-tube type. The heating element is compom 


Wit of second effect = 172.45 — 46.95 = 125.5 
helical coils connected to suitable manifold headers nd 5. 
merged in the raw water. Steam enters the a 1 
downward through the coils to the lower maniolas, 


From steam 


Steam Supplied ‘First Effect Second Effect 


i i re 17 (Ib. per sq. in.) 18. 01 4 
: ndensate from the coil drain. Raw Bi ote 17 Ab “13.0 wy 
discharged 990 bottom of the shell at such a rate eee. tobe. 219.4 11-4 ahs 
poser level. The vapor boiled off passes to the cond 


fi tip by 1 lb. of steam entering first stage = 965.6 B.t.u. 
manner. 


lil by vapor discharged into second stage = 994.3 + (172.45 
me 1116.7 B.t.u. 


wratod from first effect = 965.6 + 1116.7 = 0.865 lb. 
} ti) by vapor entering coils of second effect = 994.3 B.t.u. 


‘ f raw water 
Example 67. — Calculate the amount 0 
of pore supplied in a (1) single-effect; (2) dot 
effect evaporator of the submerged-tube type If the ‘ | 
lows: Pressure of supply steam, 17 lb. abs., ven } 
(referred to 29.92 barometer); temp. of raw water, 
all losses. 


Solution. — (Single-effect, Fig. 404.) 
From steam tables, we fin 


twit by vapor discharged into = 
Rg 2 second stage = 1021.3 + (125.5 





‘Vapor to Condenser 











0.700 Lb. 
: ; toss. 
= 1021, 
Steam Supplied ; wal t= 126.6" 
r Hat} Vitec [759 te. 
Pressure, Ib. per sq. in. abs.....- 2. --serrere in 4 eal Effect ‘ya 
Corresponding temperature, deg. fahr.....-++++> ‘¢ ia 
Latent heat, B.t-u. per Ib... ..-- esse reer 965.6. 


To Condenser 


tml from second effect per lb. of vapor supplied 
Hi + 1096.8 = 0.916 lb. P por supplied to the 


til from second effect per Ib. of steam = 0.865 X 0.916 
lolul evaporation per Ib. of steam = 0.865 + 0.792 = 


64004 Vapor, 134° 617# Flash 


tieds Haw Water Turbine Condensate 
nod ao” Evavoraiar 129, 0008 
| w 
Coil Drain First Effect 
0 
Fie. 404 1a. 


{ eo hew 
a ” 
t HF Goll Drain, — 218,6° 


i by 1 Ib. of steam condensed in coils « f 

Heat S anebod ie 1 lb. of vapor leaving evaporator © T 

- = 1096.8 B.t.u. 

aus of raw water vaporized per Ib. of steam mph 
1096.8 = 0.884 lb. 


Y ; dra 

1 ct, Fig. 405. Assume the temperature 
Pee ‘the condenser to be equally divided iam 
drop = 219.4 — 125.5 = 93.9 deg.; drop in each a { 
deg. Therefore, temperature of first effect 


oana Mx, Steam, 218,6° 


Ita. 407, 


100, Proceed as for double effect, assuming that the 
N mah ntago will be one-third of the total. The vari- 
tie are given in the illustration, 


heat exchange in a single-effect evaporator system 
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/ ‘ATER TREATMENT 
for a 10,000-kw. unit using 11.45 lb. steam per » HEATERS, EVAPORATORS 607 


exhaust steam per hr. at 2 lb. gage are available for h in: atc 
se constructed of wrou 
ght steel, 


water is supplied at a rate of 6000 lb. per hr. with 1 bulkier and m : ; 
Total water to be fed to the boiler 150,000 lb. per hry ie need not Rui hig ih high pressures, 
. y be subjected to f \ 
Waible by s o full boile 
For various combinations of evaporators and heaters ow ’ ye ee of a multi-stage an poe 
ons : . nt, ’ a 
per i. ,. of Committee on Prime Rant the water Nis aa at any pressure sufficiently 
a Db. of OU. WY, rom j * pore 
; rk ly 15 to 25 degrees of the steam a mead. within 
Evaporators in the Stationary Power Plant: Power, Sept. 1% #/® more liable to external and a - Steel-tube 
corrosion than cast- 


I feral corrosion can be obviated b 


1922, p. 292; Nov. 28, 1922, p. 834. 
) et water t 


j y the maintainin 
emperature above 165 deg. fahr., and stent ee 


Wholly elimi i 
y eliminated by using pure deaérated condensate main 


961. Economizers. — It has been shown (pari ' 
y on the alkaline side of neutral 


greatest loss in a steam generating unit is due to the The B 
away by the chimney gases. The lower the temperal 1 process by which a steel tube is i e B. F. Sturtevant Co. 
the smaller will be this loss. The efficiency of any bo Hil which is guaranteed to a <9 ied a woh oie 
by adding to its heating surface, but the temperature © Hiieeion, A combination of pu 2 og Lap eran cle 

steel-tube econo- 


be reduced below that corresponding to the heating fi (wed in several instan . i 
they were last in contact; therefore, regardless of wil the steel-tube rise cast-iron being for relatively 
sideration, there is a limit beyond which further additio HH) jrewsure and temperature to Richens The latter take 
face will effect no increase in economy. With the ust fives & general assembly of a Gre pie sania 
boiler, the theoretical minimum temperature of the fl Mel-iron design. The heatin let Sn nae 
the saturated steam. By placing a feedwater heater #0 ng element consists of a series 
the sensible heat from the flue gases, it is theoretically }¥ 
the temperature of the gas to that of the inlet water wi 1h 
increase in boiler efficiency. Because of practical Gon 
inadvisable to reduce the temperature of the gases to 4 
water, and it is customary to have them leave at a tem 
ably above that of the water. Increased boiler effie 
obtained by utilizing the last passes of the boiler a# & 1 
The heater, independent of the boiler surface, is known 
parlance as an economizer, and the one integral with the 
given such names as preboiler, reheater, economizer 
heater. A single economizer is commonly used where &# 
boilers discharge into a common flue, but with large } 
usually has its own economizer. 
The older types of economizers were constructed invari 
because cast iron resists corrosion better than mild stool 
pressures were comparatively low. The tendency in me PH lo 12 ft, in length and 4 9/16 in. in di 
distinctly towards higher pressures, pressures far above Hy 1) sections of various widths he a which are 
cast iron is suitable, and all of the important stations ¥ Hii Are Connected by top and at the flue. When in 
process of design and construction are to have ated 1 to branch pipes running Sette a ie a “i 
? 9 at the top 


pc of ih sire fo have bottom, Both of the branch pipes a tsi 
. } re ou 
(he apparatus, The waste gases are drawn se 


wy 
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various tube passages by an induced-draft fan or, occas ‘ , EVAPORATORS 609 


draft. Feedwater is forced into the economizer through 
pipe nearest the point of exit of gases, and emerges t 
branch nearest the point at which the gases enter. Each 
with a set of triple overlapping scrapers which travel con 
down the tubes at a slow rate of speed, the object being 
ternal surfaces free from soot and fine ash deposit. The 
working the serapert Leer =P 
top of the economise 
chamber, and the 
either by a belt from 
shaft or by a small 
gine or motor. The 
ating the gearing 
to 1 hp. per 1000 
mizer surface, de 
number and length 
apparatus is fitted 
and safety valves, | 
provided at the 
chamber for collect 
some designs, the 
the tubes is cle 
blowers similar to 
in others water #p 
flushing away the 


tions, A single row of tubes from the bottom box on one sid 
e side 


Wiiver passes to a corre i 
sponding box o : 
Meond r n the othe 
wid row of tubes passes to the second box I fect nin 
ay n e 














i bor wafer Lo 
Wh weter box" 































' Boiler, 14,086 sq. ft. 
J Superheater, 2,485 sq. ft. 
| Economizer, 8,837 sq. ft. 


Hiawnnor the water passes throughout the whole economi 
omizer 


Th top, The 
gases fl 
Paving ses flow from top to bottom, giving a true 


A the (( ) 


\ Boiler, 15,089 8a. ft. : 
uperheater, 4,052 sa. St.) accumulations my 


Economizer, 9,669 sq. ft; Y removed from the 
chamber, as showil 








Fig. 409. B. & W. Transverse-tube 


Economizer, Calumet Station. tration, oF by 


systems. 

Figure 409 shows an assembly of a Babcock & Wilcox 
and Fig. 410 a similar view of a Babcock & Wilcox tran 
economizer, illustrating the modern steel-tube type. 
in Fig. 409 is composed of a number of B. & W. sections 
to those of the boiler. It is placed above the boiler and 


SE =! 
im Ot ————— | 


hein 





tubes transversely to the boiler tubes, thus giving al Ma. 41. F 
economizer surface. A number of sections are placed - Se eae Hlecent. 
‘ . ’ " yay . 
feedwater being forced through each in. series, thore *nhomizers are usually equipped with steam jet bl 
‘ et blowers 


counterflow. This design may be constructed with 
tubes. The economizer shown in Fig. 410 differs f 


the wener tai 
. general details of a Foster economizer, which is i 
scribed in that forged-steel square boxes are used f : am 


tn the | ont or superheater, The heatin sur face 18 COom- 
g 
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fitted on the outside with a series of cast 
ae ea upper banks of tubes are open ; 
folds, as indicated. The elements are mee p “ 7 
gases passing directly across the tubes and the bes m 
through each bank, thus giving a true counter-curre 


To Staak 


a 
ae ba 
lel 

(fae ui 


Mjlipment at the Northeast Station of the Kansas City Power 
''», This is one of the first large central stations to adopt an 
1) Conjunction with an economizer.. 
41 shows a section through one of the 25,000 sq. ft. Baden- 
lor, os installed in the Highland Park Plant of the Ford Motor 
{ig an economizer element integral with the boiler. Feed- 
(rum 6, flows down the rear bank and enters the forward 
he connecting drums 5 
) mMOnOMmizer element 
m that the gases are 
Havel down the front 
four bank of tubes. 
# ‘lifference in tem- 
to & positive cir- 
the water in the 
Hlement. The ad- 
Wied for the boiler 
type of economizer 
Willer are: (1) it is in 
Hit te the boiler; (2) 
HH hiy-passed_ breech- 
Wiwaltates no addi- 
‘| structure or rear oor 
Men wt least 5 per — 4 415 Badenhausen Boiler with 
Mivleney than any Preheater Element. 
the preheater; and 
Hel ol & properly proportioned boiler with preheater is no 
that of & wtandard boiler of equivalent capacity. 

fire Kine in Economizers.— The heat transfer in an 
Wwe tho same basic law as the heat transmission through 
raw, vis: 
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Superheater 
5,748 Sq Mh 













SUd = wies (t — &), (245) 

ll = Weta (be — th), (246) 

Fic. 412.’ Foster Economizer and Air Heater Inatal 
Northeast Station. 










Hilal heating surface, sq. ft., 

Mean cooflicient of heat transmission, B.t.u. per hr. per sq. 
ft, por dog. mean temperature difference, 

Hin temperature difference between the two fluids, deg. 

il", reapectively, of the fluid to be heated and the 

wiv, 


tubes permit of high pressures, and the cast-iron envelopes # 


against external corrosion. The extended surface ne i 
transmission. The points between the cast-iron ao nee 
no water can reach the outer surface of the steel ke wh 
by washing, which is the method adopted for ¢ aaa » 
Figure 412 shows a diagrammatic arrangemen 
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m), ft. heating surface per hr., at 100 per cent overload the 


c, and c = mean specific heats respectively of the 
i! water, w, fed to the boiler is 


and the flue gas, 


ty) and t = oe. and final temperature of the fluid w = 2 X 12,000 X 3.45 = 82,800 Ib. per hr. 
ahr., . ‘ 
f. and t; = initial and final temperature of the flue i) overall efficiency of 75 per cent, the weight of coal required 


970.4 X 82,800 
11,400 X 0.75 
Welght of flue gas, we, is 

Wy = 9400 X 14 = 131,600 lb. per hr. 

Hiewn specific heat of the water to be unity and that of the 


us 
or vhin 4 
» 4,25, which is an average value for a cast-iron economizer 


thie u“ te . : 
we : Peay of 650 deg. fahr. Substituting these 


By an analysis similar to that developed in paragrily 
shown that for either parallel flow or counterflow 


d = (tj — ty) + loge (ti/ty) 


= 9400 lb. per hr. 


in which 
t;, ty = initial and final temperature difference beti 
Arithmetic mean temperature difference dm = (ti + 


By combining equations (245) to (247) and reducing ( 
Jan., 1916, p. 129), we have as an expression for the 


: 42,800 x 1 
the fluid for parallel flow BT A003 0.55 = 2.52. 
—1 
2+ ¢-» +e y) 1) _ 7500 x 4.25 (2.52 — 1) 
10" —1 SO es OA ee 
2.3 X 82,800 254. 
ey i 650 = 100__ 
= temperature rise in the fluid, deg. fahr., Ny 202-1 = 126 deg. fahr. 
| , 0,264 7 + 2.52 
N = wyc:/Wate 109-254 — 
n = SU (N — 1)/2.3u1 ly, the final temperature of the feedwater is 


f» 126 + 100 = 226 deg. fahr. 


hed by the feedwater must be equal to that given up by 


Other notations as previously designated. 


Example 68. — Calculate the final feedwater and fl 
for a cast-iron economizer installation operating under 










ditions: Boiler heating Wier (L — to) = wate (be — t 
N HHH sq. ft.; econcaaaaay aati (249) 
~ ft.; initial feedwater 
HEN deg. fahr. and initial My = th) /(t = bo) = wrer/toate = N. (250) 
the known quantities 


ture 650 deg. fahr, 
operating at 100 per 
ard rating; coal used, I 
11,400 B.t.u. per Ib, 


— i 

Solution. — It haa | 
Fra. 414. Counter-Current Flow. oniph 44) that the chal 
air per lb. of any coal is approximately 7.5 lb. per 10,000, 

fore for the coal specified, : 
1.14 X 7.5 = 8.55 lb. = theoretical air requirements 
Assuming an air excess of 50 per cent at maximum 
15 per cent for ash, the probable actual weight of flue 
= 1.5 X 8.55 + 0.85 = 13.7 lb., or in round numbers 1 
Since the evaporation at rating is equivalent to 840 


B 
Ms 
| x | 


| 
L_ | 
[A_| 

fi 

ls 
BRIE 

a 

mA 

V | 










ey, | 
TCA IA 
V | | 


be 100) = 2.52 











. fal final tem- 
tie Mike 

W, ww in Wig. 415, 
feiniperature may 


the following formula which was deduced from equa- 
' 














lia. 


he (am a/b) + @” + a/b (251) 
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614 . (he more important factors to be considered before installing 
ivi whabell / /@onomizer are: 
a = Wilite/Weee + bo  /'uel. — The higher the cost of fuel the greater will be the 
b = wici/Weee + 1 Wy (juating the thermal gain against first cost and maintenance 
m = bSU/wrta : lila, the net economic gain may be estimated. In the small 
designated. 


v ne Yerinble loads, the net thermal gain is usually offset by the 


een, garry of ma Neer charges and maintenance costs. 


In view of the u ‘< it is sufficiently accurate 1 twfure of the Flue Gas. —Since the primary object of an 
into the preceding analysis, lue of d instead of the | Ip tho utilization of the heat rejected to the chimney, it stands 
to take the algebraic pg Scitation In using MAL the value of an economizer installation increases with the 
This greatly simplifies the ic onding value of U Wi! the flue gases. In the modern high-pressure boiler for 
temperature difference, the P tanner difference, i", ultempt is no longer made to reduce the gases to the 
not that based on eT org aa of Econom fomible with little regard for the amount of boiler surface 

263. Factors Determining + practice is that an eoont Meet this result. On the contrary, the present idea is to 
conclusion drawn from current p Hier vo that all of the surface will be subjected to a much 


results in: 
(1) A saving in fue 
(2) Overall boiler, 
80 to 98%. (91.6% 
plant and 93% is expected at 


pbstantial overall gain in 
© at: h flue-gas temperatures. 


Hire difference and thereby increase the rate of heat trans- 


‘ to 20 per cent, 
| ranging from 7 itwlos the gases leaving the boiler at from 50 to 100 deg. 


omizer efhel 
superheater and econ 

overall efficiency has been obti 
the new Richmond State 
heat economy Wi 


TABLE 84 


THSTS OF FOSTER ECONOMIZERS 
A, Delray Station, Detroit Edison Co. 


Sica “caly f Clans W53 Stirling Boiler................ 
oe el thems el Bibb ol lane Wor Stirling Bolor 2700000020200 13004 so fe 
: tet ‘This is trae only for : Tye ol li, & W. Superheater, large boiler........ 2,217 sq. ft. 
cae : The Sea ora Tye of |), & W. Superheater, small boiler........ 1,528 sq. ft. 
tte oF ‘ane. 1 is heated Tl Wit Voutor Economizer...................... 18,800 sq. ft. 
ce genanly neous Heo 1 the Wileer heating surface to that of boilers....... 52.6 per cent 
ask becomes less a8 !' 


mover, the value of the economizer 





























- Apr. 
is increased. : fe 
176) Decreased wear and tear on the boilers due to y) 
we pe 3 
temperature. $ udden peak dot nl boiler hp. 6978 
(6) A large storage of hot water ar! 8 pe Besa asity igor ouat 978 
inst these advantages may be cited: me pe" a. in. 215 
ae first cost and maintenance of economl F HHHoMMsor inlet.| deg. fahr. 631 
(1) Increased Ts : ‘ad cod-draft f y Popomieer outlet) deg. fahr. 337 
sed power requirements of indu thal 
eee f feedwater to prevent internal corre deg. fahr. ost 
(@) Treatonany OF See ments for economizer equipi AH weonomisor 
(4) Extra space require team Ww us deg. fahr. 194 
he large modern central station, where the 8 WM MeOnOoMiser Paes: - 
In t . mad are operated continuously at heavy : th eeonomiser deg. fahr, 102 
Py at feedwater economizers have definitely eepilecr "| in: be z wat 
* ae here the feedwater 18 heated to & Mi Hiiileor in, W. 4.38 | 4.50 
except, perhaps, 7 tendency in the latter situatio feonominer, | per cont 6.03 | 6.89 | 6.90 | 7.85 | 8.98 





stage bleeding. The 


waste heat from the flue gases by means of air preb 
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B. Riverside Station, Municipal Gas Co., A 


Heating surface of special water-tube boiler.........5 
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| transfer varies with the weight of gas flowing per hr., 
‘lure difference 















































































































Heating surface of loster Radiant Heat Superheater,.;— nid { hat of the is aa 
Heating surface of Foster Economizer. ...........+004 " jwnition of the wal 
Grate surface of stoker.............2+++2+e+ ee ees ‘igo “f if the tubes, and om 
i mizer heating surface to that of boiler, — F »H 
Ratio of econo Wiomizer, and ; Ord 
| SS 1921 ie 7 Btu. per 3% os 
jer deg. fahr. a 400 HH eH 
is fe hr. 6 wrature. The & gol 11 an 
a WN 3h antag boiler hp. 805 | § +4 2 
“of ri vapaci nt 117 16 and 417 8, F rTahee 
Percentage of rated capacity..... per ce . 200 SE 300 Lf Spses 
Steam pressure by gage.........- lb. per sq. in. nl a series of 2 Poh 
BUMOEDOAT.... 5.0.00. 0-.08- 5. _....| deg. fahr. 188 Bi tho 4800 sq, 2 ™ oak 
Gas temperature at economizer q. espe tee 
ENT fio ess. cok eee ae a _....| deg. fahr. 582 he economizer Water Entd 
r ' pa water Bo 
Pate | deg fab, W8O5 sq. ft, wo esr 
Gas temperature drop through Mi the Seven- rg 
eCONOMIZer.........--0 ee eee eee deg. fahr. 334 wt Bhs Cleveland anni 
Water temperature at economizer evelan 350 ph 
TRIGE TI Ok. ek See FR deg. fahr. 213 Wil wive some ad : ia 
Ueagimeetiestcromomine | ca Mi factors ine 
Water temperature rise in econo- asc 121 Piformance of & le 
SUPA e et ton nist i bale Aihs. Ass eg. fa 3 f 
mizer.......... : iss 
Draft in flue leaving economizer..} In. W. g a ‘ = Fi 
Draft in flue entering economizer | in. w. “a + The Meedwater. — & 3 ss0 
Draft loss through economizer... .| in. W. g 0 tor, the forma- cn P 
Fuel saving effected by econo- j = 
~ pong lapel lee aia eee Menthe ge oa Hin the tubes 50 Water, Temp, | | 
Hileol the effi- 512) PET rit 4 
HAiiiasion, and Boiler Output, %Rating ; 
higher than formerly. The gases are then reduced 10 dw may prove =!4 416. Performance of Foster Steel-tube 
the economizer. The amount of economizer surfade mB inny | > Ricca 




















100 per cent of the boiler heating surface, depending 
of establishing the heat balance. 

(3) Temperature of the Feedwater, — The water en 
should have a temperature at least equal to that cor 
point of the gases, to prevent external corrosion, Mi 
is not deaérated the temperature should not be lem 
prevent internal corrosion. With properly degasified 
peratures as low as 120 deg. fahr. have worked out a 
exact temperature is dictated by the station heat balan 

(4) Pressure Drop through Economizer, — For high 
ference, the gases should flow through the econominor 
but, as the pressure drop increases approximately We 
velocity, the gain in heat transfer is at the expense 
requirements for the fan. The pressure drop varios 
of economizer and the temperature of the gases, but 
0.5 in. of water at 20 ft. per sec, to 8 in, at 50 ft, 


tal 
til by dissolved gases in the feedwater. 


Wf fine Velocity on 
Pal Tranefor, 


eorrosion 


(6) Minimum Temperature of the 
Flue Gas. — The flue-gas temperature 
should not be lowered below the dew 
point, since the condensation of the 
vapor content may cause the soot 
to adhere to the tubes and render 
its removal a costly problem. An 
average minimum is 240 deg. fahr. 
With coals high in sulphur content, 
the moisture forms sulphuric acid 
which corrodes the tubes. 

Wy Due lo the Additional Heating Surface. 
i Nuilding Space. 


i the Draft, — Por chimney draft, this means cost 





bo 
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of the extra height of stack necessary to overcome } 
may range from 20 to 40 per cent of the total cost 
the modern mechanical draft installation, the po 
the fans ranges from 1 per cent to 4 per cent of the m 

(10) First Cost. — See Chapter XIX. 

(11) Boiler Pressure. — Cast-iron superheaters 
pressures as high as 400 lb. per sq. in., but the coat t 
increase in pressure above 250 Ib. per sq. I. All t 
for pressures varying from 300 to 1200 Ib. per sq, it, 
struction. 

264. Flue-gas Combustion-air Heaters. — Many 
plant installations include combustion air heaters, OF 
value for increasing power plant efficiency has } 
they have come to take an important part in the # 
There are three types of air preheaters in Americatt 
(2) tubular, and (3) regenerative. The plate-type 


i Wig. 58 give the performance of Boiler No. 9 at the Colfax 
Duquesne Light Co., as presented by C. W. Ii. Clarke, 
y of the Dwight P. Robinson Co., before the Dec., 1923, 
A.S.M.E., and serve to illustrate the results obtained for a 
Miditions. The present indications are that air preheaters 
tennively where the feedwater is raised to a high tempera- 
# (he main turbine. See also paragraph 50. 


W Air Preheaters: Power, March 31, 1925, p. 486. 
i wl Vheir Application: Power, Dec. 2, 1924, p. 884. 
wulera: Power Plant Engrg., Sept. 15, 1925, p. 940. 


neo, — The heat balance in steam power plants has been 
{ worrelation of events in the heat cycle of the plant as a 
ite the rate of steam generation to the demand with the 
Waele of heat and at the least possible expenditure of fuel.” 
yiliing that has to do with the generation or absorption 
# ln the heat balance, but in a general sense the principal 
Ain employed for heating the feedwater. There are so 
Mbinations of prime movers, auxiliaries, and heaters in 
| bwlance that it is futile to attempt to cover the subject 
general nature and only a few of the more commonly used 
lylelly described. Among the latter may be mentioned: 
» vuviliaries used entirely, exhausting into open feedwater 
syelem of feedwater heating was practically universal in 
of a decade or more ago. For small plants with low load 
Bee In no excess of exhaust steam over and above that 
thw foodwater to 212 deg. fahr., this is perhaps the simplest 


wi. ‘lhe two main objections to this system in ordinary 

) i) le difficult, if not impossible, to maintain a heat balance 

Hiiitions; and (2) the heat energy of the steam available 

wily partly utilized in small plants. It has been shown 

thal, when exhaust steam is used for heating the feed- 

} jodueed by that steam before exhaust at an expenditure 

n 000 H,1.u., or about one-third as much as with a highly 

Corporation. { yiven wonorator exhausting against a back pressure of 

transfers it to the air. The Combustion Engineering © _ tt js obvious that the production of this cheap power 


’ ell-known example of the plate type, the Babood it by the ability of the feedwater to absorb the exhaust 
is a well- , yPS 


of the tubular type, and the Ljungstrom of the roger 
mean coefficient of heat transfer in all types of air p 
from 1 to 4 B.t.u. per sq. ft. per deg. fahr. temperwt 


wel electrically-driven auxiliaries. — In the majority of 
' Mooh, Mngrg, Feb., 1924, p. 64. 
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flants and in a number of our modern central stations, part 






















/ are motor-driven and part steam-driven, the motors 
b Bi from the main generator. The division is such that a 
li } of each type of drive can be made at different loads to 
ale § ory heat balance. 
ik z ! analysis of the heat balance for a large station of this 
a o Re " Auxiliary System and Heat Balance at the Delaware 
3 aya i Milladelphia Electric Co.,” Trans. A.S.M.E., Vol.43, 1921, 
TT ; 241i : 41) wives the heat balance of this station at the most 
tt dada | aee —T 
ogy gaag | See , & auxiliary, turbine system. — In this system the feed- 
ial 8234 ug hy the exhaust from a small turbo-generator designated 
gages 243% eel iine, The current generated is used to operate all or 
Madi , nest at apy, ivieally-driven auxiliaries and for other house service. 
ié2NB bidet, Ss Flooa Head Tank 
AA ES ug i, Overflow to 
ee 23 } : Rincon sashes 
B83 i ; a eS Honse Alternator J] 
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4) House Turbine at Connors Creek Station. 


ile into an open condenser, the circulating water for 
lwater, This condenser is, therefore, the equivalent: of 
Wh) which the exhaust from the house turbine (and other 
Hliavien, if any) mixes with and heats the condensate 
tte ‘This system is used in a number of large central 
the advantage, over the other systems, of providing a 
Seen Heynaification without the addition of deaérating or 
“awe “Hoct O18 =" “VA OM i)/, House turbines are installed 
' with other steam-driven auxiliaries or a combination 


lilyedriven auxiliaries, The Connors Creek Station 
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shine than if all steam were bled at a higher point. Bleed- 
1) intermediate stages also has the advantage of relieving 
tie lower stages of the machine. Some idea of the economy 
iin turbine may be gained from the following approxi- 
| kw-hr, will be produced for every 14 Ib. bled at 150 deg. 
fiige modern unit as against 20 Ib. with a house turbine 


of the Detroit Edison Co. is an example of this sys 
arrangement of which is illustrated in Fig. 420. For ¢ 
of the heat balance in this station, consult Trans. 
1921, p. 500. Consult also, “ Heat Balance at Colfax,” 
Vol. 43, 1921, p. 487. 

(b) in conjunction with electrically-driven au xili 
current from the house turbine or the main unit, or with 
between the house turbine and main unit. This sy 
the Hell Gate Station of the United Electric Light 
an analysis of the heat balance of this plant, consult +f ad 
Vol. 48, p. 495. 

(c) same as (b) except that deficiency in house turbif 
up by bleeding from the lower stages of the main t 
system is adopted at the Hudson Ave. Station of the & 


Steam to Turbine 
225,378 Lh, 3508Ga, 700° Temp. 


<_-*s 


Steam to Turbine 
165,000 Lb. per Hr, 
350 # Gage, 675 Dog. Temp 










——— 
| Vacuum \ 


29 In. Watflow Dingram. Air Preheater and Economizer Installation. 


Nee | 00" oe the mame temperature; 1 kw-hr. will be produced for every 
fac: j the main unit at 210 deg. fahr. as against 24 lb. with a 
2 6,008 Lb, wil 40 lb, with the ordinary type of good auxiliary turbine 
tie sume temperature. The water rate, neglecting leakage 
fey any other temperature may be approximated by divid- 
wat equivalent of the theoretical work done in expanding 
vv) the given initial conditions to the temperature of the 
Hividing the result by the Rankine-cycle ratio, thus: For 
WH low. superheat, 120 deg. fahr. feedwater temperature, 
ele ratio of 0.68, the theoretical work done per lb. is 
WH) Wt.u, and the actual water rate per kw-hr. = 3415 + 
1.0 lb, Leakage and heat losses will probably bring this 
hh 

mnditions there exists a definite feedwater temperature 
hwy of power generation is a maximum. This is shown 
Vig, 428, which give the theoretical values obtained 
! at a single stage and subsequently used for heating 




























Fig. 421. Heat-flow Diagram. Air Preheater Inst 


4. Auziliaries all electrically driven and the feedwater 
steam from intermediate stages of the main turbine, == 
as the most efficient method for large central stations, 
the most efficient user of steam; therefore, the most 00 
obtaining the maximum electrical output for a given 
stgam is by bleeding it at one or more stages. The 
in stages instead of all at one point follows from the f 
used for heating the condensate at the lowest temp 


























624 STEAM POWER PLANT ENGINEERING WDPWATER TREATMENT, HEATERS, EVAPORATORS 625 


feedwater. This curve is based on 340 Ib. abs. init 
deg. fahr. superheat and condensate temperature nal 
work done for, say, the point 300 deg. is calculated & 
content of 1 Ib. of steam at 340 Ib. abs. and 200 deg, 
B.t.u. Heat content after adiabatic expansion to 300 ¢ 
Work done by 1 lb. of steam = 1323 — 1170 = 158 I 


BREED 
= 


600 i 

my TT Lo lek ee | 

a@e WN [| ee a 
“| AS 


400 
ise] 


Nidison Co., the auxiliaries are all motor-driven and the cur- 
lied by an auxiliary generator coupled directly to the main 
- This makes each unit practically self-contained without 
Hwy power from the main busbars. The auxiliary generator 
Werease the electrical complications of the station, and the 
ye eliminate the auxiliary steam piping. 

ie calculations in drawing up a heat balance differ in no way 
Already shown in connection with condensers and feedwater 
# calculations in themselves are very simple but considerable 
til be exercised in estimating the various quantities entering 













































































1 ' | exchange. Thus, the value of the heat balance depends 
ay id a a oP WPiiiiwy attained in estimating (1) the water rates of the prime 
rs) 200 E95 Misilinries at different loads, (2) coefficients of heat transfer 
i % m0 i fers und condensers of whatever type, (8) temperature de- 
ee a oe E 4 al | Ween condensate and vapor entering the heater or condenser. 
3 > ed yi Log aieap Oot - to the surroundings and (5) in drips. The usual procedure 
zB 2” 3 | |r Lr r | LL ad With tho assumed conditions of the steam at the boiler nozzle 
3 200 100 Ba mae | eminge jth through the main unit, auxiliaries, heaters, and condens- 
B 6 “i L ‘Single-Stage eajor | | i i the heat exchange as it passes through each piece of 
og o 5 a 7 A) the same time the path of the condensate and makeup is 
rs Temperature of Feedwater, Deg Halit if wource to the boiler. A complete mathematical treatise 
Fra. 423. Theoretical Performance of Single-tajt Wf heat balances will be found in the following papers pre- 
f the exhaust above 300 deg. is 1170 — 270 = the American Society of Mechanical Engineers. 
content 0 “a uired to heat 1 lb. of f ty High Thermal Efficiency: L. Holander, Trans. A.S.M.E., Vol. 44, 1922. 
poe Bienen ( eae 17) + 900 = 0.248 Work Weherietice of Stage Feedwater Heating by Extraction: E. H. Brown and 
eg. fahr. = - ; a 


exhaust per lb. of feedwater = 0.248 X 153 = 37.0 
curves it is apparent that the best results are obtained 
a feedwater temperature of approximately 250 deg. fab 
sation of about 19 per cent of the steam entering a 
ine-cycle ratio 
curves are based on a 100 per cent pr a ratio aa Miliary Drives to Heat Balance: Power, Dec. 6, 1921, p. 888. 
heat losses. By considering the Rankine-cye " WM Colfax: ©. W. Clarke, Trans. A.S.MLE., Vol. 43, p. 487.. 
itetand Deine se at erie 4 a ne W Peloware Station: FE. L. Hoping, Trans. A.S.M.E., Vol. 43, p. 481. 
curve may be readily drawn, omP p W Connore Creck Plant; C. H. Berry and F. E. Moreton, Trans. 
HN the fact that no steam auxiliaries are AY ”) 
? 


Pye A.S.M.E., Vol. 45, 1923. ; 
Pentru! Stations: W. J. Wohlenberg, Trans. A.S.M.E., Vol. 45, 1923. 
_ Neheating, and Regenerating for Steam Power Plants: C. F. Hirshfeld 
Wet, Trans, A.S.M.E., Vol. .45, 19238. 
Hewt Halance; Prime Movers Com. N.E.L.A., 1923, Part A, p. 51. 
» Pewon Station: Power, Apr. 29, 1924, p. 674. 


, ) h00 
treme emergency, are factors which may render thin #y 
in the smaller plants. ae coal 
5. Combinations of 1 to 4 with economizers, air eee ae 
the large stations using the house turbine in connection eee’ voce an 
. be mentioned the Weal font ib conte 80 cents per 1000 Ib, to evaporate water from feed 
ing and economizers may ne ae 
i atio 
Edison El. Ill. Co. of Boston, Northeast © 


to steam at 116 Tb, abs. and 50 deg. superheat; required the 
foodwater is heated by exhaust steam to 210 deg. fahr. 
*egonerator plant uses 18 Ib, steam per kw-hr,, initial pressure 


‘o,, and the new units at Colfax. 
pers some of the latest installations, for oxample, 
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140 Ib. abs., back pressure 3 in. abs., superheat 100 deg. fal, 
densate 100 deg. fahr.; auxiliaries develop 100 hp. and use 
(non-condensing), initial pressure 115 Ib. abs., steam dry at 
temperature of the feedwater if the auxiliary exhaust is dise! 

4. Required the tube surface necessary for a closed heater 
tions in Problem 3. Assume U = 350. 

5. If the tubes are } in. inside diameter, required the total 
for the conditions in Problem 4, assuming a water velocity 
ft. per min. p 

6. Raw water at a temperature of 200 deg. fahr. is pumped 
a flash-type evaporator in which a pressure of 7 in. abs. is malt 
age of the raw water is flashed into vapor? 

7. Determine the amount of raw water evaporated per Ib, 
single-effect evaporator if the conditions are as follows: 
17 lb. abs., vacuum, 24 in., temperature of raw water, 60 deg, f 

8. Same conditions as in Problem 7 except that a doubl 


used. 
9. How many lb. of steam must be extracted from the 18 lb, 


steam turbine in order to heat the condensate to the maxim 
as follows: Initial pressure, 350 lb. gage, superheat, 250 deg, 
water rate of turbine with full extraction at rated load 11,5 Ib, 
drop in pressure in steam to stage heater; temperature of 60 
10. Given the following conditions for a single-stage O% 
pressure 265 Ib. abs., superheat 150 deg. fahr., back pressure 1 
condensate 79 deg. fahr. Construct curves similar to thon 
a view of determining the temperature of the feedwater at whieh 
generation is a maximum. Assume 100 per cent Rankine-oyelé 
all heat losses. 5 
11. Calculate the final feedwater and flue-gas temperal 
economizer installation operating under the following condi 
face 10,000 sq. ft., economizer surface 6500 sq. ft., initial food 
deg. fahr., initial flue-gas temperature 600 deg. fahr. when the bel 
above standard rating; coal used, Illinois washed nut, 13,600 1, 


CHAPTER XIV 
PUMPS 


ation. — Pumps used in connection with steam power 
as classified under five groups according to the 
Mion 

Pumps, in which motion and pressure are imparted to the 
jeeating piston, plunger, or bucket. The action is posi- 
iin definite amount of fluid is handled per stroke under 
Miditions of pressure and velocity. 

| pumps, in which the fluid is given initial velocity and 
MiAling impeller. The action is not positive, as the amount 
ul is not necessarily proportional to the impeller displace- 


laplacoment rotary pumps, in which motion and pressure 
fh) the fluid by a rotating impeller or screw. The volume 
Peelicully equal to the impeller displacement regardless of 


i which velocity and pressure are imparted to the fluid 
#0! a jet of similar or other fluid. The ordinary steami 
! Known of this group. 

7 pumps, in which the pressure of one fluid acts 
mitfnee of another fluid, thereby imparting all or part of 
letter, ‘The pulsometer is an example of this type. 

Hay be variously subdivided as follows: 





Direct-acting. ... { Simplex. ........ i 
ad Duplex. Oo 3.. es se 
i Simplex......... ar 
; "lywheel. ....... Dupl Forcing. 
Power-driven (5 tool ifti 
ete howl) a ne Lifting. 
{ Volute. sseeeeeee { Single-stage..... 
| Turbine....7.... Multi-stage. ..... 
; Forcing, . 
Poweredriven,... | porcine. ++ +--+ 
yh redriven. ... Lifting.......... Vacuum. 
7 Injector. ....055 Positive......... Forcing. 
Wjector, ..+...., | Automatio...... Lifting. 
re Pulsomoter,,..., { Lifting.......... 
Airlift, ..., ode!) Se vee 
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(ric motor, or gas engine. The single-cylinder machine is 
Wied as a “ simplex ” power-driven pump, the two-cylinder 
lps,"’ the three-cylinder as a “ triplex,” and so on, 
| pumps, Fig. 458, have largely supplanted the piston type 
Hith»pressure low-capacity service because of their compactness, 
Miwry motion, absence of valves and pistons, uniform pressure 
feedom from shock, ability to handle dirty water, and high 
(| permitting direct connection to electric motors and steam 
The mechanical efficiency of the centrifugal pumps is lower 


Piston, or plunger ome are ae ti : 
iler- condensate, and vacuum I 
pe ed and high-pressure force ae eth 
In the direct-acting type, Fig. 425, the te. . a a 
are secured to a single piston rod and t : s r == ‘ 
directly to the water. There is no flyw r: oon 
The volume of the delivery for constant initia! i 
al to the resistance offered by the wate i 
forward effort of the steam pressure, the p 
(0) 


proportion 
equals the 





Exhaust 



















Fra. 424. Typical Duplex Pump. He Average piston pump, but this disadvantage is largely 
IG. . : 


Te beet and low maintenance costs. 


!'\y, 454, are employed to a limited extent in the same 
: ted for constant head and ¥ pe, ; ployed to a | ( . 

class of pump 1s basin anys ok as suite the capadliy Hif\igal pump. Being positive in action, they permit of a 
ce it peg discharge. The steam is not \ive spood for the same delivery pressure. 


rate is very large in proportion to the W 
Pe od Fig. Sia bes ordinarily classified aa { 
In ‘his class steam may be used expansively, as a 
in a flywheel to permit, the drop in steam — if 
These pumps find wide application in oO _ - 1 
and the like, where high duty is required, wy . : 
ary boiler feeders, but are used to some a n Me 

Piston pumps, Fig. 446, driven by gearing a = 

classified as power-driven pumps. The source of 7 


# 151, are seldom used as pumps in the ordinary sense of 
Hint of their extremely low efficiency, but are occasionally 
‘ruling water from sumps. Their greatest field of ap- 
Holler feeding, and in this @onnection their overall thermal 
High, Jet pumps of the steam-ejector type are much in 
Hiern condensing plant for withdrawing or for assisting 
\) withdrawing the non-condensable gases and vapor 
Mnvlensors, See paragraph 285, 

Pumps operated by steam, such as the “ pulsometer,” 
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Fig. 449, are used principally for pumping out sum 7 } f a 
and the like, where the operation is intermittent. » 4 che a za eendof the oa aan as +" 
of the air-lift type, Tig. 485, are quite common and 1 , ind at the opposite end the exhioust ort z port I 
in situations where water is to be pumped from a number fon nears the opposite end of the te try Sih ie 

267. Direct-acting Steam Pumps. — Figure 424 is, Fig. 429;:the SaiEiseane th ate reaches the 
sembly, and Fig, 425 a section, through one element ¢ pe through the exhaust port # 
acting steam pump of the duplex type. This style 
virtually of two single-cylinder pumps mounted side 
ends and the steam ends working in parallel between 
pipe. The piston rod of one pump operates the stenm 
through the medium of bell cranks and rocker arms, 
alternately, and one or the other is always in motion, ” 
being practically continuous. 

In general construction the steam pistons and ¥ 
those of steam engines. The valves in duplex pump, 
lap. In order to reduce the valve travel to a mininiy 
sufficient bearing surface between the steam ports and 
ports to prevent the leakage of steam from one to Ui 
exhaust ports are provided which enter the cylinder at 


the piston, and since the steam port is closed, the remaining 
teevecd! between the piston and cylinder head, thus arresting 
the piston gradually without shock or jar. 


point as the steam ports. This arrangement offers HiPeteacting s j i 

t a ( g steam pump of the type just described is t 

a ushioning the piston by exhaust steam, thus preven Wetvibuted device for general pumping Heh where ete 
the cylinder heads at the ends of the stroke. The valy Hy hot exceed 200 Ib. gage and capacities 1000 gal. per min 


pump, having no lap, would, if connected rigidly to the 
one port as soon as the other had been closed, at about | 
piston, thus cutting down the stroke to about one-fou 
To obviate this difficulty the valves are given consid 
by allowing sufficient clearance between the lock nuts @ 
the latter, therefore, imparts no motion to the valvé 
operating it has nearly completed the stroke. The le 
valves and lock nuts renders it impossible to stop the pur 
from which it cannot be started by simply admitting 
the pump has no dead centers. When one piston movew 
stroke, it pulls or pushes the opposite valve to the ond of 
when the piston starts back to the other end of its stroke, 
stationary, owing to the lost motion, until the piston haa 
one-half the stroke. During this time the opposite plate 
a full stroke and the valve opegated by it will have oper 
wide, so that while one valve covers both steam ports 
end of its travel. In some makes of pumps, the stem 
to the valves, the lost motion being adjusted outside 
shown in Figs. 426 and 427 which represent two com 
of a duplex valve gear. 


==. 


‘adh 
UZ 


Pit, dan Fia. 429. 


) snc other similar light services, sizes as large as 4000 
ve been built, but the trifugal pump is perhaps the 
{ in thin connection. Sf duplex steam pump owes its 
fivet cout, low maintenance, simplicity of operation, and 
tut the water rate is very high and “ shortsstroleinia ” is 
i) le desired to maintain the duplex principle and at the 
the water rate, the steam end is frequently compounded 
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as illustrated in Fig. 431. For pressures ranging 
gage or more, the water end is modified as shown in ff 

Single-cylinder or simplex direct-acting steam pu 
preferred to the duplex type and are rapidly supe 
general service. © This style of pump differs from the 
construction of the steam end and in the employment | 
and one water cylinder. The older designs of simplox 
steam-actuated valve type in which the movements ¢ 
valve, usually of the piston pattern, were controlled 
valve or valves. The steam supply to the pilot valve | 
the position of the main steam piston. This design is nO 
except in the older plants, because the pilot valves 
positive action of the pump cannot be depended upon, | 
simplex designs the pilot valve is mechanically op@ | Py 
action is therefore insured. Among the many designs i did Resch 2) 
may be mentioned the American-Marsh, Camerom, ‘oom tt 
Deane, Davidson, and Burnham. While these v VY yea =a mes * oe 
widely in details of valve construction the basic prinelp) —? 
alike. Figure 430 shows a sectional elevation through 


lating screws located at the side of the auxiliary valve stem 
filimps having a 10-in. stroke or longer, cushion valves are 
® each end of the steam cylinder, which regulate the escape of 
i) und thereby control the cushioning effect. For a detailed 
i! the various types of Simplex pumps, consult “ Pumping 
by Arthur M. Greene, John Wiley & Sons, Inc., Pub. The sim- 


GULL, 
S? Ny 










































ta, 481. Typical Compound Duplex Pump. 


Valvecontrol mechanism is a little more complex than the 
With it there is little danger of short-stroking. Water rates 


= fi) with the duplex type because of the reduced clearance 
SN AS\, 
Hp dg [> <p 47 Valves. —In the large majority of pumps for pressures 
‘ SSN . _ Wo, it is general practice to use a number of small valves 
llod (lat-dise type. The disc pack- 


Haile and is composed of various mater- 
fe pon the temperature and char- 
fill to be pumped. This packing is 
wt of woft-rubber compounds for cold 
hard rubber, compressed fiber, or spe- 
Wiley for hot water. The dises are held 
wal by conical or spiral springs and SA 

toll through the center, as illustrated Fic. 432. A Typical 
Por prossures over 200 lb. gage, it is Po ete Me 
ie & comparatively small Number of spring-loaded metallic 
ile from below and working in bronze seats, as shown in 
valve chambers are comparatively small castings, separate 
* wand connected together by branch manifolds for the 
wrge pipes. The valve-pot covers form the guides for 


N 
N 
N 


Gout 






Fra. 430. American-Marsh Steam Purp 


the American-Marsh design and serves to illustrate the & 
the reversal of the pump is effected at the end of the 
or auxiliary valve is of the semjgrotative dise type, act 
arm fastened to cross hgad on the main piston rod mM 
illustration, The movement of the auxiliary valve 06 
supply to the main steam valve, which is of the b 
and this in turn admits steam to and exhausts it from 
The length of the stroke is adjusted to suit varying 
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eed, and air must be forced into the chamber by mechan 
4 arger the chamber, the more uniform will be the dis- 
ers are frequently provided for the purpose of main- 
4 - f ow of water in the suction pipe and assisting in th 

slip. Such chambers should be of 4 ; 
fer volume than the suction pipe and 
i length rather than diameter. Figure 
(wo designs commonly used. The 
1) (2B) should be placed in such a 
MW receive the impact of the column of 
Miwlion pipe as illustrated in Fig. 436 
1{(), The chamber illustrated in Fig. 


ii he placed in the suction pipe below < 
the pump. Fia. 485. Forms of 


Vacuum Chambers. 


Each valve chamber may be open 
g any. other part of the 
large mechanically ope 
suction and a single dell 


the valve springs. 
or repair without disturbin 
designs of pumping engines, 
on the water end, a single 





Fig. 433. Worthington Pot-valve Pressure 
Pistons and Plungers. — In cold-water 


ff pistons are usually packed with some kind of soft pack- 


end of the cylinder, in place of a number of springelé 
7 (A) shows the details of a piston with square hydraulic 


The Riedler pump, Fig. 434, is of this design. 
269. Air and Vacuum Chambers. — Air chambers in ff 


for the purpose of causing a steady discharge of water 
excessive pounding it | 


providing a cushion 
The water disch 
compresses the air tit 
somewhat above the ¥ 
discharge during 
water piston, and W 
momentarily at the 
the air expands to & ¢ 
tends to produce & 
flow. 
The volume of the alf 
from 2 to 3 1/2 times ¥ 
water piston displace 
cylinder pumps, and 
times in the duplex typ 
pumps are provided 
Operated Pump Valves. of from 5 to 6 times t 
placement. The water 


ber should be kept down to one-fourth the height 










" pay Wt is fastened to the piston rod by nut C; packin, 
, tid follower F is forced up by the nut B and locked 


G& G 


R, R. 


LQ yh, 

















aaa (C) 
Via, 487, Types of Water Pistons, 


elton the design is the same exce 
‘ept that 
shor of nuts near the edge, In wari oe 
jweked by means of metallic piston rings, 2 R, Fig. 
» hy * 


cham 
In slow-running pumps, sufficient air may be et 


chamber along with the water, but, with high speeds, 
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437 (C), similar to those in steam pistons, or merely b 
G, Fig. 437 (B). . 

"The cup-leather, Fig. 438, is a good packing for sing 
and high-pressure cold-water pumps, since the a 
leather varies with the water pressure. A cup-lemtl 


loukage is readily detected and repacking is performed with- 
tit the cylinder heads. In dirty or dusty locations, however, 
jmp or inside-packed plunger is to be preferred, since the 
lon of the dust renders outside packing difficult. Figure 443 
# high-duty elevator pump with outside-packed plunger. 




























& } _ . Outside Packed 
uf a - Plunger 
Bia. 438, Cup-leather Fig. 439. Double- 
Packing. leather Packing. 


double-acting pump is shown in Fig. pe ~“ bo 
: 5 ‘ . 
the U-leather packing, Fig. 440, has given po ser 













































Horizontal Flywheel Pump with Outside-packed Plunger. 
Vv) of a piston, & . 2 

i — and 442, Manco of Piston Pumps. — The mechanical efficiency of the 
| ea on compacta # }ielon pump is very high, since there is very little friction to 
SSS mae 94 not require Peete conducted on direct-acting steam pumps show mechan- 
mn | va ws so that the (water-end i.hp. divided by steam-end i.hp.) ranging from 

N co UI N : ; mt, With very small pumps operating against low h d 
NY neon o> ZILA LLNS materially ul P P P 8 BE oe 
kod FO ZL LL Figure 448 Hay be as low as 50 per cent because the ratio of the friction 
| = ; with metal ty _ yeni 4 Pie are acting on the piston 
Fia. 441. Plunger with Metal Packing Ring. When leakage } the decrease in head. verall mechanical efficiencies 

sive it is 


li, delivered divided by steam-end ihp.) are considerably 





the ring, whi Within wide limits because of short-stroking and slip past 

move : Valves, Pump slip varies from 2 to 40 per cent or more, 

MMMM In Fig. 448 WH the design and condition of the pump and valves and the 

Caine packed with hoe) an average value for piston and plunger pumps in 

packing, a Hon ln 8 per cent when operating at rated capacity. How- 

type of pultl fv powible short-stroking and leakage caused by wear, it 

great difficulty WW Hake a liberal allowance and the actual delivery is usually 

types of piste Hhoul 85 per cent of the piston displacement. Direct- 

(A II in keeping th #4 claws are very wasteful of fuel and low in thermal effi- 

Fia. 442. Plunger with Hydraulic Packing Ring, or in kne beinune of the non-expansive use of steam and slow-speed 
ing, and the trouble necessary to replace the p 


lnmoyele ratios at rated capacity vary from 15 per cent 


pi er, Fig. 433, obviates those disad (0 about 50 per cent in the larger units, corresponding 
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ff duplex pump may be reduced from 10 to 15 per cent, and with 
’ 


to water rates of approximately 250 to 72 Ib. per i-hp 
Miperheat from 15 to 20 per cent. 


saturated steam conditions. The simplex design, bee#t 
clearance volumes and better steam distribution, is from 1 
more economical in the use of steam than the duplex ¢ 
The average single-expansion direct-acting boileref 
operating under service conditions, uses approximately S 
boiler steam; but if the pump exhaust is utilized in heating 
the net heat consumption is somewhat less than 1 per ¢ 


#09. — A small direct-acti 

[ > -acting duplex pump uses 1 
' 4 ge Dr pri 150 Ib. per sq. in., feedwater esc wor 
\ulred the per cent of rated boiler capacity Hecsasary to 


m pump. 
Curves of Performance 
2 sng ie 


Marsh Steam Pump 
for 


, ‘The steam pres- 
Wil Against, 150 Tb. 














direct-acting pumps running non-condensing use from is cquivalent to 
-hr., depending upon the steam conditio » W415 ft. of water SD thao sae HO 
bd * x 
‘ap. 216 Gal, per Min, at 100 Strokes 


steam per i.hp 


of the steam-cylinder diameters. Single-cylinder flywh Heiion through the 








ie, and pipe, and 


slow-speed type, running non-condensing, use about 50) 
ihp-hr. Multi-cylinder flywheel pumps of the high-duty Mstance between ( : 
WH feodwater inlet, shes 
iH 1 to be equiva- / 


25 lb. per i.hp-hr. when running non-condensing, and 


when operating condensing. High-grade direct-connet mir cont of the 


0, giving a total 
M+ 80 = 180 Ib. 


Tests of D Acti | : 4 
TTT TT 1 [isan ni P ANA ft. of water. 
Atmospheric Eg haw Hitne rer. tal 
[Cr repoer, aking 
MW ation leakage 
the 





B.T.U. per I. Hp. per Min, 





Cap. Gal. per 24 Hr. Ten Thous: 
pe ‘ ands, 
Duty per Million B.T.U. Millions Ft. Lb. 


































































mi work done in 
I), of water against a head of 414 ft. is 


414 X 32 = 13,248 ft-lb. 


8 
& pe steam used 
aL kK NL | pump, will be 
% r a Rela iD the vaporation 
PCS oe See 
- OOS DI 4 dog. tate : 
; —— ’ deg. fahr, 10 ‘ 
: box | ins iW Ih rage. 53 ‘ seats Wecvhes oat He aa A 
Ba Fia. 445. 








ponds to 
13,248 + 60 X 33,000 = 0.0067 hp. 


Heat of | Ib. of steam 
j 2am ab i 
110 the pump per hr stg ee the et 


1168 X 150 = 174,450 B.t.u. 


| ,] y , ] 
t teed by the pump for each boiler horsepower, disregarding 


















Number of Single Strokes per Minute 
Fig. 444. 


power pumps have a mechanical efficiency from line 1 
normal rating, of about 80 per cent. The efficiency of 
normal rating varies with the character of the gearing 
speed reduction, and may range anywhere from 25 to 7 
steam consumption of all direct-acting steam pumps APP 
with the increase in speed, as shown in Fig. 444, the ou 
plotted from a number of scattering tests. 

Nearly all types of direct-acting piston pumps can he 
moderate amount of superheat before serious operating 
the exact amount, of course, depending upon the design | 
With 25 dog. fahr. of superheat the water rate of the 


174,460 % 0.0067 = 1168 B.t.u. per hr 


! Heehanioal efficiency of the av: 
mey erage feed 
mc jending res its condition and the ban ee a a 
» lo be 65 per cent, th 
Ib, of water into the boiler is pie eed oy the maaaibee 


1168 + 0.65 = 1796 B.t.u, 


os 








640 STEAM POWER PLANT ENGINE Sahat 



































per thousand Ib. of dry steam 
1,849,04 : 

= MO 1000 = 17,384,150 ft-lb. 

je inillion B.t.u. 


1,140,040 
» W552, X 1,000,000 = 16,958,000 ft-Ib. 


i i i B.t.u. 
A boiler horsepower is equivalent to 33,479 
the per cent of boiler output necessary to operate the 


100 X 1796 + 33,479 = 5.36 per cent, — 
If the exhaust steam is used for heating the feedwa 
Sutnption all be 0.73 per cent of the boiler capacity, 
of steam consumed per boiler hp-hr. 
1796/1163 = 1.54 lb. 


Allowing a 10 per cent loss, the heat in the exhaust & 
the feedwater is 





WP tiny be used in approximating the duty, thus: 
Iwnilvnl efficiency of the pump in the preceding problem is 


(1150 — (64 — 32)] 0.9 x 1.54 = 1550 By Mileloncy = ae hp. _ ee = 85 per cent. 
1796 — 1550 = 246 B.t.u., or the net heat required 7 : ‘ 
hr. to deliver 32 Ib. of water to the boiler. mine ion of vertical column “85” and horizontal column 


The per cent of boiler output necessary to operate the Alilo 82, we find 16.82 millions. See, also, Table 63. 


100 X 246/33,479 = 0.73. Wf Direct-acting Steam Pumps. — Let 


ier of water cylinder, in. 

ler of the steam cylinder, in. 

1h of wtroke, in. 

hey of working strokes per min. 

1) feet between suction and boiler water level. 

Hive in Ib. per sq. in. between suction level and boiler water 


Pump performances are generally given in terms of 
work done by the water piston per thousand lb. of dry 
B.t.u. consumed by the engine, thus: 


Foot-pounds of work done 1000 
> oy Weight of dry steam used “3 


zt Foot-pounds of work done x1 #! tlie to valves, pipes, and fittings. 
2. Duty = Fotal number of heat units consumed Beeasure, Ib. per sq. in. 
ducting duty triala of prewure on the piston, lb. per sq. in. 
Nise4 Tue gant = "2 be * Water equivalent to one Ib. per sq. in. pressure. 
bones at Bg La . ff the water actually delivered to the piston displacement. 
, ; 1 of water delivered, lb. per hr 
— d feed pump used 100 , lb. p : 
geen thik a. ee 400 eal” at min.; tony Ml horney ower of the pump at maximum capacity. 
200 deg. fahr.; total head pumped against, 175 Ib, Hieal oflliciency of the pump, taken as the ratio of the br.hp. 
pressure, 100 lb. gage; moisture in the steam, 3 per. the slischarge opening to the i.hp. of the pump, stearn end. 
duty on the dry steam and on the heat-unit basis, 
i in. i i DLN, 
sre Op dae fae oa, in, i cote oe j ts 8 XS 1-7 ENS (253) 
‘cht of 400 gal. of water at 200 deg. fahr. = 400 ” . 
a geet tear ie = 3212 X 420 = 1,349,040 ftelb, ni VW/ doch : (254) 
Weight of dry steam supplied per min. DV(p FRE WS Op" (255) 
_ 100 X 48 9.97 = 77.6 Ib W lip + R) C+ H)] + (83,000 x 60 x BF) (256) 


60 
B.t.u. supplied per min. 


M 100 48 (0.97 x 879.8 + 800 ~ 200 + 


‘ine the piston or plunger displacement is made about 
found by calculation from the maximum amount of 
the engine, to allow for leakage, steam consumption 

wil blowing off, 


TABLE 85 





MILLION B.T-U- 





PERFORMANCE OF STEAM PUMPS. 


Pounds discharged per min. X head in feet 


pss Us 
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ipa with strokes of 12 in. or over, the speed of the plunger or 
willy limited to 100 ft. per min. as a maximum, to insure 
Hing. For shorter strokes a lower limit should be used. The 
| Hiimber of strokes ranges from 100 for strokes over 12 in. in 
W00 for strokes under 5in. Boiler-feed pumps should be designed 


The desired capacity at about one-half the maximum number of 
linn 


1d 
BARBLSSSRSSSHASAEES 
Fo hich RRR 


. Saas ANe 


























TABLE 86 
Weil TO WHICH A PUMP CAN LIFT WATER BY SUCTION AT DIFFERENT 
TEMPERATURES 
(Barometer 29.92) 
5 IBAwBSVWAen ee Maximum Lift, Ft. 
' Hperatiure, 
x it 
ke tee bale 
5 Theoretioal |  Gavgrable | Average 
hod _ 
°o 
| ii) 33.6 28 25 
8 33.5 27 24 
he 33.4 26 23 
a 33.1 25 20 
a 32.8 23 18 
32.4 21 16 
31.9 19 13 
HW | - | SBBSOaDOANN NA Roe 81.3 17 ll 
> 121 Sons oF OO 30.3 14 9 
3 29.2 12 6 
g 27.8 10 4 
ra 25.4 7 2 
|, | SRBSRBaCee 23.5 5 0 
“4 es & ; 20.3 2 *2 
4 16.7 *] *5 
& 12.8 *3 *7 
7.6 *5 *9 
BRE 1.3 *8 *11 


* Pressure head. 


Varion from 2 to 40 per cent, depending upon the condition of 
ha Oe ee \ % ) valves and the number of strokes. An average value for 


Her Pumps in first-class condition is 8 per cent when opera- 


Papeily, but it is wise to allow a much larger figure, say 20 
osagRihnee Wakiue caused by wear. 
gegeegeshese! ® thw loam eylinder of a boiler-feed pump ranges from two 
that of the water end, to allow for the various friction 
. WG wil the pump to operate at reduced steam pressures. 
‘ "PUODBON wry a) Winped against includes the suction lift, friction of valves 
‘oBeEy “GT OOT “HHO THE ; y ; 
! _ ‘ietanee between the suetion inlet and the boiler level, 
saqedysy od qt "woyy ATE HRD ure, 


The total head ranges in practice from 1.1 to 





ry 
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t ws high as 83 per cent, while the low-speed geared type seld 
seldom 


When specific data 
HW per ce i 7 giv 
W) per cent. -The curves in Fig. 447 give the performa f 
nee of a 


5. ‘The application of 
ons stated abe 


644 
1.5 times the pressure in the boiler. 
the factor is ordinarily taken as 1.2 
to (256), including the practical considerati 
Hwoled triplex pump, and 
Viv. 448 the performance of 


trated by a specific example. 
he size of direct-actin singlet a of ! 
water to 1000 hp. “sf poiler hh ) othe r rf ane 
100 Ib. per sq. ., feedwat shally dare consid 
y good and are consid- 
ve the average. 
jie required to start plunger 
Why range from 125 to 250 
WY Hormal full torque, depend- 
ily pon the tightness of the 
mee and fit of pistons or 
large pumps are frequently 
with « by-pass for relieving 
‘iving the starting period 
Meine the initial torque wr, 
) the driving motor. With 


Example 71. — Calculate t 
feed pump necessary to supply 
rated capacity. Gage pressure 


150 deg. fahr. 

Solution. — One boiler hp-hr. is equivalent to 34.5 Ib, 
at 212 deg. fahr. or 31.2 lb. from a feedwater temperavur 
fahr., to dry steam at 100 lb. gage, therefore , 

W = 31.2 x 1000 = 31,200 lb. per hr. 
and leakage, assume S = 0.80. 
das 100 ft. per min. a f 
d with the pump ope 


To allow for wear 
Taking the maximum piston spee 


the rated capacity is to be furnishe 
maximum speed, we have 


LN =100X12+2=6 





00 in. per min. 


Fia. 446. A Typical Geared Triplex 


d reducing 


Substituting these values in equation (254) an 
ee 
D = 0.77 V31,200/(600 X 0.8) = 6.2 in.— call it i! supply, compound mo- 
assumptions have been liberal. . Y About 20 per cent series Pump. 
Moeommended for this cl. 

Denorati ass of pumps, for bo 
operation. A compound motor of this dada it Ot FF 
vide 


Assume the total head to be 1.25 p, ie. p+ R+ He 
= 0,50 p and E = 0.65. 

Substituting these values in equation (255) and reduclt 
d =6 V/1.25 X 100/(0.50 X 100) = 9.5 in., or, say, 10 


On a basis of 100 strokes per min. as the maximum #p 


L= LN + 100 = 1200 + 100 = 12 in. 


The dimensions of the pump, therefore, will be 10 % 6 
The ip. at rated load may be obtained by substitut 
values in equation (256), thus: , 
_ 31,200 X 1.25 (100) X 2.35 _ 74 Lhp. 


£4 33,000 X 60 X 0.65 


973. Power Pumps —Piston Type." Piston pumps, i i" 
or direct-connected to electric motors, ga8 engines, and W : 
used chiefly in industrial plants. Their general utility ts 4 
the rapidly increasing number installed in situations for 
by the direct-acting steam pump. The efficiency of this 
depends in a large measure upon the character of the att 

iting mechanism. High-sp 


the efficiency of the transmt 
direct-connected to electric motors give efficiencies {re 


the necessary starting 
| torque without excess 
7 inrush of current. 
With alternating-cur- 

; aan rent supply, squirrel- 
Hew Por ntants Speed Variable | | | | | | oa 
missible up to and 


wo 00 900 1000 
eeharge, Gallons Per Minute PF A including 5 h 
g Pp. pro- 


i 
[| 4 ngil0 fo 1] _ | vided the power com- 


| . q 
Ei tic, ateerot dams oapdeel 


J tors of this capacity 
t+ HH to be thrown di- 
|_B, p/m. 160 | 





’ 


Te 
—Tomp-end Gearing 1111 






























4 , 
| jt 











Brkt i rectly on the line. 
i t Vari Aba age For larger capacities 
Ta 2% wound-rotor maditcirs 
‘ oon , het moe I peal 
sured ‘Type, or automatic — self- 

starting + 
ahaa the required initial torque src alan 
juirrelecage type of motor is inherently silent 





») Heed, Lb, per Bq, In, Gauge 


aa 


= ae 
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GINEERING — 
STHAM POWER PLANT EN Ito the vacuum chamber. While the right-hand chamber is 
646 no satisfactory way of adju ) , the left-hand chamber is emptying. The cycle continues in 
speed machine and there 1s n ptainable over a conside Her as long as the pump is su 
; justments are 0 ound-rotor 
While speed adjus a w 


pplied with steam and water. 
fetors. — As a boiler feeder, the injector is an efficie 


nt and 
H tlevice, cheap and compact, with no moving parts; it 


resistance conn 
with the rotor, 


delivers 
0 the boiler without preheating, and has no exhaust steam to 
operating § lof, Its adoption in locomotives is practically universal, but 
50 bt} —t the number of MY practice it is limited to small boilers or single boilers or as 
200 | controller. For ¥ Miler in connection with pumps. The objections te an injector 
Gant service, the b Hility to handle hot water, the difficulty of maintaining a con- 
gauss > of ac. motor  \nder extreme variation of load, and the uncertainty of 
| \o2 with many ¢ Hitler certain conditions. 
= is0 it has starting 
90 


Figure 450 illustrates the simplest 
10 £ similar to thone & 





) 140 type and at tae ae 
7 : m= efficiency 18 , Bre Hoy 
we 0 WZ IAL S37 me speeds. 
i} 


r | 
Tl le 6=— atk. The 
wake 4 pump, repre 
EHH » direct steam-)) 





Heed Water 
Ti iotat kl frequently used W inter 
0 5 at = (Pounds) tively <— > "ia, 450. Elementary Steam Injector. 
Fic. 448. Performance of a Moreen (2000 ee ser 
1G. 448. 4 ‘ 
: Direct Connec are to 
Triplex Pump. 


tibe injector. 
and where low first cost, portal 
Si at a See ag essential factors. yi 
ae ait t of sumps where the water 1s . y a 
the pring on the handling of paper-mill oF » a 
er ithe steam consumption ay eral 
‘ ump oO 2 

Pai " 5 ani caste feel is as (clone aaa 
meee an ahaa) pouring water into n Brn 
nae Habe Ia ed opening. Steam 18 then ben 
through ap peo chamber, which lore a 
on aeieaan discharge valve by direct . » a 
chet the water falls to the level of the ons 
sie Soi the discharge chamber, the even me 
oe Seis broken up, and, one 0 ae Bo 
i he water 
pi omneine pet cacioal into intimate heir 
pr : instant condensation of the a a 
a saaeertiol vacuum in the chamber, pu “ rte 
pi aa shuts off the steam, Water then 
0 ? 


Boiler steam is admitte 


Wf dnl Combining tube to the atmos 
Hr from pipe 


het with the 
1 HoHCdonsES 


d at A and, flowing 


phere through G, partially 
B, thereby causing the water to rise until it 


steam. The steam emerging from nozzle ( 
on meeting the water and imparts considerable 
Tho energy in the rapidly moving mass is sufficient 
m Opening O, lift check H from its seat, and force it into 
WH eleam then ceases to escape at G. 
Minn igure 451 shows a section through a Hancock 
ii the principles of the double-tube positive type. Its 
follows: Overflow valves D and F are opened and steam 
Wh Wt flrwt passes f reely through the overflow to the atmos- 
foie exhausts the air from the suction pipe. This causes 
fine until it meets the jet of steam, and the two are forced 
flow, Ans soon as water appears at the overflow, valve 
{ jurtinlly opened, and valve F closed. This admits 
loreing jet W and, the overflow valves being closed, 


ithe boiler, In case the action is interrupted for any 
y bo restart it by hand, 
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The chief advantage of the double-tube positive typ ! 649 


to lift water to a greater height and to handle hotter W 
tube. Its range in pressure is also greater, that is, it will 


steam pressure and discharge against a higher back pr 
tube injectors are used almost exclusively in locomotive 


Phew if: Tran: 
a: . AS. 
OI, p. 23; s. AS.M.E., 10-33 


fen ral De. 


9; Sibley J 
Theory of the Steam Injector, Knead Pre A -b.'301; 


scription: Power, Mar. 21, 1922, p. 460. 
, Dp. ; 


Hance of Injectors. — Si i 
oti f nee the heat given up b 
“y ates by the feedwater, plus the Hai ‘nf ait 
1 forcing the water into the boiler plus any Si 
; eat loss 


Wilings, the perform 
ia, the an ah 
Honahip ce of an injector may be calculated 














Ww W UY 
_ SE Wh do) + [w+ 1)h 
: SS = 1 + wh -$ a 
wf pee 778 (257) 
eset re 
Totake | | Wiitent of the f 
MOMMY TE /he steam supplie inj 
ee tel . em, fahr. pphed to injector, B.t.u. per Ib. above 
VN Milent of the water discha 


rged from inj 
hot vont ent feedwater tempentlelle nan St aah 
Waiter delivered per Ib. of steam wuppbdac! ant i 
own expressed in ft. of water 
1, Tt. 


Wil lows to surroundings, ft-lb 


WW 


Me 


Z 


SSS 


all 


SSS 
nM ae 





ly 

































RXR oo 
SX é\ | plant purposes, it is sufficiently accurate t 
thelw and to assume that G = t, 32 Me id nego’. Ate 
Fie. 451. Hancock Double- Fra. 452. Penb a final temperature of the water, deg. fah The Db, 
tube Injector. Injee per Ib, of steam supplied may then be pa ” 
p] 


Automatic Injectors. — Figure 452 shows a section we (H — tb + 32) + ( — ¢,) 
berthy injector. Its operation is as follows: Stem o9 
connection and flows through suction tube ¢ into the 
and into chamber g, from which it passes through overt 
overflow m. When water is drawn in from the suction 
to discharge at the overflow, the resulting conden 

creates a partial vacuum above the movable ring h, 
forced against the end of tube c, cutting off the direet f 
overflow. The water then passes into the boiler, Spill 


(258) 
yee the performance of a “ 
a “‘ Desmond ” ic inj 
, Aviwour Institute of Technology. n vive cneeane 
plotte 


Mm! equation (258) and the circles represent actual 
twreement between calculated and observed Peiae 
ata is 


Pig, 458, A, it will be se Ww of water d 
dh seen that the weight 
Wf wenn decreases as the initial pressure is pete all 
2 


pes Aiine the same . ~: 
i ea ati oiering me of water us ti Wf water delivered Ll gy! Mi 453, B, it will be noted 
the bo er as been esta’ ished. e action of openiit aunply is increased . Of § eam decreases as the tem- 
overflow is entirely automatic. Where the conditions olla sed, up to a point where the injector 
‘rative, 


This critical tem 

wire s critical temperature vari i 

yh otors, being highest for the doublexapane 
(log. fahr. Figure 453, C, shows that the iaeks 


tlh, of steam is practic 
Hinaits of the pl ey constant for all discharge 


the automatic injector is to be preferred for stationary 
its restarting features. It is also used on traction 
engines, where its certainty of action and special 
invaluable for the rough work to which such machin 
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In selecting an injector, the following information is 
Its: ; 
ie The lowest and highest steam pressure carried. 
2. The temperature of the water supply. — 
3. The source of water supply, whether the 1) 


n 
-lifter. w 
a e general service, such as character of the img 


i j j ete. 
the injector is subject to severe jars, 


Discharge Pressure, Lb. per Sq. In. Gage 









































0 60 
20 80 40 5 
. i Discharge Pres. 
itial Pressure 
‘ “7 iable 20 
~ ALS Ltt ;: 
re B-B ah 
SF 3-c 70 Variable 
2 —— 
i 
Ba 
& shitehs 
ooo 
ptt 
3 15 
- 
LI 
© 1u4-—;—_- 
, 85 0 
1B : = 
" Mattia Steam Pressure, Lb. per Sq. In. be 
65 5 85 95 
55 


Suction Temperature, Deg. Fahr, , 
Fiq. 453. Performance of an Automatic Inj 


From a purely thermodynamic standpoint bei 
is nearly perfect, since the heat drawn ‘ar a 
boiler again, less a slight radiation jemi oe Ae: ro 

i inefficient and requires m 
id ous This is best illustrated by an & 
wi 


tion of & 
_ are the heat consump 
ret : waar duplex boiler feed pump when 
Poller. Make all necessary assumptions. 


i ill deli 
i injector of modern design will det 
oa neadse the following pee a 
wie 115 Ib abs.; feedwater 60 deg. paige y= 
ion lift . From steam 8, 
prety Sei a eee B.t.u. Neglecting edie 
tired to deliver 1 lb. of water to the boile 


[1188.8 — (140 — 60)] + 13 = 85,8 Bt, 


i neaumes, MAY 
. direct-acting duplex pump co 
Meee Assume the extreme case where the exhaust 
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lating the feedwater and the latter is fed into the boiler at 60 
{ supplied to the pump per i.hp-hr., 

200 [1188.8 — (60 — 32)] = 232,160 B.t.u. 
fi the low mechanical efficiency of 50 per cent, the heat re- 
fleyelop 1 hp-hr. at the water end will be 


232,160 + 0.50 = 464,320 B.t.u. per hr. 


Hloam pressure is 100 lb. gage, the equivalent head of water 
Tah, is 


2.3 X 100 = 230 ft. 


the friction in the feed pipe, the resistance of valves, etc., to 
Mt of the boiler pressure; the total head pumped against will 
230 + 69 = 299, say 300 ft. 
Hirliv, = 1,980,000 ft. Ib. per hr., 
1,980,000 


300 = 6600 lb. per hr., 


| the pump will deliver 6600 Ib. of water per hr. to the boiler 
fof 800 ft. 


Mieumption per lb. of water delivered, 

464,320/6600 = 70.3 B.t.u. 
twwtimed conditions, the injector requires 85.3 B.t.u. to 
tf water, against 70.3 B.t.u. for the pump (with the better 
Hii this disparity is considerably greater). This refers to 
fe of the injector solely as a pumping mechanism. As a 
, however, the injector returns practically all of the 85.3 
feelwater, so that its efficiency is virtually 100 per cent. 


Iijeotor has a perfect efficiency as a boiler feeder, it is not 
Howl economical means for feeding a boiler, because of its 


rate with hot water, and the effect is equivalent to heating 
hy live steam. 
Punips, —- Rotary pumps are occasionally used for circu- 
Water in condenser installations, and give about the same 
Mitriiigal pumps under similar conditions of operation. 
}eerure and large volumes, they offer the advantage of low 
thie permitting direet connection to slow-speed steam 


I) apoods they are noisy, owing chiefly to the gearing. 
wwidlerably less space than piston pumps of the same 
Hite more room than the centrifugal type, 


#4 wootion through a two-lobe eycloidal pump. The 
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ventrifugal pump has practically supplanted all other types, 
ff lis compactness, simplicity, balanced rotary motion, absence 

wad pistons, uniform pressure and flow, freedom from shock, 
} hwndle dirty water, and high rotative speed, permitting direct 
) lo electric motors or steam turbines. In the large modern 
fit the boiler-feed, circulating, condensate and other auxiliary 


f e connected by wheel gearing, the power ae 
oe ft The water is drawn in at I and forced 0 te 
aor — being equal to four times the be ' 
ae is o rubbing between impellers and oa s 
—— is independent of the speed of tle a ib 
avi almost directly with the speed. The slip 


i ssure. q 
rding to the discharge pre a 
yee Bs ghows a section through a rotary pump 


ment. ur e € 6 1 ustr ates t e per or mance of a 
2 4 » | f 
P 5 Il 


S$& & & g 
Gallons Per Minute 


& 





Revolutions Per Minute 


Head Constant, Speed Variable. 





(Zeit. d. Ver. Deut. Ing., June 24, 1905, p. ee | 
give much higher efficiencies, but “s oe ae 
ined efficiency of pump 4 
the same. A combine ct pam 
ecorded. (Trans. A.0.M 1+ ' 
be us may be grouped with ee ee hes 
i te) 
imby screw pump 1s one 
ort mat weak and consists essentially of pay ia ! 
aoe abet revolving in 4 double casing. 


Ww yli dl te 
i of the ¢ linder and foree 
is drawn 1n at the outer ends t BAR toa ' 


Average Speed 812 R. P.M, 
Average Capacity 
45.5 Gal. Per Minute 





: Total Head, Eeet, _ 
io thee ser the sin a ~~ Speed Constant, Head Variable 
13 nter of the casing. Power is pI | 
oaks “dl ‘s driven by means of a pair of gear, Fra. 456 

is | 
ip SAN h the casing but without actual contach | ot | 
certs a lag trom 000.50 ant bof the centrifugal type. Efficiencies as high as 87 per cent 
Sean vif "yhich ie lived with special designs, and 80 per cent is a common 
“pe cone! Pom — Ther in ol» wide a q fy the better grade of pumps, while the lift is practically 
278. Centrifugal Pumps. 


i ts and for certain indy 

i mps in small power plants at yO 
olay where the quantity of a a - 
head pumped against is high; and, a, ae 
or screw type of pump may be inst ’ 


(he speed of the impeller, While this efficiency is not as 
# liret-class piston pump, the other advantages more than 
‘ivantage, ‘Triple-expansion flywheel pumping engines 
wnd, therefore, greater heat economies than the best 


a 
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-stage pump illustrati 

: Be ating the 
stage design. The multi-stage 
mps arranged in series in a single 


turbine-driven centrifugal pumps, but that this advan’ 
the lower first cost of the centrifugal pump equipment is @ 
increasing number of installations of the latter for wate 
Centrifugal pumps consist of two essential elements, { 
peller which draws in the water at its center, and (2) @ 
which guides the water to and from the impeller. The 
set up by rotation of the impeller throws the particles of 
imparting energy to them. At exit from the impeller, the 
appears partly as pressure (potential energy) and p 
(kinetic energy). For maximum efficiency, as much Aa 
kinetic energy must be transformed into pressure. This | 
in two ways, (1) by plain casing of spiral or volute @ —s= y | aa 


aw shows a section through a three 
fe which is usually of multi 
Mality a number of single pu 





gradually increasing water or “ whirlpool ” chamber ll 
shock and converts velocity head to pressure head, and ( =. 
casing with a series of guide or diffusion vanes which effeet ne lis 


Pumps equipped with spiral casings are known as vol 
those fitted with diffusion vanes are known as turbine pil 
Figure 457 gives an end view of a typical volute pully 
removed so as to expose the impeller, and Fig. 458 shows ft 
a modern construction. The impeller may be open as in 
closed as in Fig. 459, A. 
used only in the cheaper 
pumping sewage. Volute Pp 
of single-stage construction 
for heads of 150 ft. and Une 
are not necessarily limited to 
to single stages. Since the 
only by the peripheral spood 
it is evident that a given lift # 
by a large-diameter impeller \ 
Suction _ rotative speed or @ amalled 
Fic. 457. Typical Centrif- operating at high rotative ap 
ugal Pump. e . 
impeller diameter, however, 
area of frictional surface, causing a rapid increase in po 
fore, the smaller the impeller diameter and the higher the 
the higher the efficiency, a condition also true of the ¢ 


Type Si 3-8 e-| V 
pe al ingle-stage, Doubl suction olute Pum 
? 'p. 


hivue from the fi 
' he fi : . 
Ail BO ON, 7 pup being directed into the suction 


The delivery pr 
e 
win of the heads of pg fe of the last stage is ap- 





y 
(ZI 


eas 


(A) 





The limiting dimension to which the diameter can be Vi, 400. Basi Types of Impellers. 
the inlet eye through which the water must enter al Bie yay bo belted 
ti ; | ) belted, geare ee Tepe 
For very large capacities and high speeds, several tim We » geared, or direct-connected to any 


yu wuxiliary drive i p g Pp 
4 , t kind 
; , 1¢ ol drive de endin, upon 
lon ( | Wacteris y € f 8 on 40 a ivel 
* a; 


parallel are preferred to a single rotor, in order to koop ¢ 
two-impeller design is known as & bi-rotor pump and thet 
sign as a tri-rotor pump, and so on, depending upon thet 


& 
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656 a 
he tendency is toward mown 
in the modern plant, t ‘ - 
ape of steam and motor ane cist 
1 ing upon the metho 
driven auxiliaries depending up heat balance. 
The average cen 
quires from 20 to 30 
torque at starting y wri, to throw & 110 
cent of full aa “ Hi-line voltage. ‘31% 
full i proven 4 Mill iwtuble-speed Cis Sirens ilar footer infant > 
ed. ° . 
1s Guna tha the slip-ring | 
mea torque will Ba WWiieh-shifting 
i 


Ss 
§ 
i 
oi 
F Cd 
acl 
* tine, The 8 ¢) | [er 
load torque will be iommended # “=H 

Meommende gS 3 BeOe 

Herable speed B 20 So 
a 
e 
y 


speed. With direc 


motor drive for con FH 
furves in 1000 


either of the shunt- 200 400-600 800 1200 1400 1600 1800 2000 
Fic. 459a. Diffusing Ring for Turbine- series. The discharge : show the rela- Gallons per Minute 
type Centrifugal Pump. should be closed in B input and Fig. 461. Relation between Input and Capacity 
._ For w 4 for Different. Types of Motors. 
the compound A eontrifugal 


10 per ge anil “al i) ly different types of motors, and serve also to show the 
side Wf varying pump capacity by change of speed instead of by 
Pw toaximum efficiency and satisfactory operation, the pump 
Wilt be considered as a unit and selected accordingly. 

Pie RL. Daugherty, McGraw-Hill Book Co. 

# Pump: Power Plant Engrg., Feb. 15, 1921, p. 218; Aug. 15, 1920, 
) May 4, 1021, p. 698; May 17, 1921, p. 779. 

? frie Motor to the Pump: Power, Dec. 18, 1923, p. 976. 

Pitven Jor Pumps: Power, July 5, 1921, p. 2. 

Hird Driving Centrifugal Pumps: Power, Aug. 26, 1919, p. 324. 

Keser hime Auviliaries: Power, Jan. 31, 1922, p. 166. 

LO] tf Priving Pumps: Power, Sept. 5, 1922, p. 363. 

| a 


i KA / free of Centrifugal Pumps. — The design and theory of 
} | /\ 
Seis VA 


Hie |e beyond the scope of this text, and the reader is re- 
elt Hen panying bibliography for extended study. The funda- 
a » involved in the performance of centrifugal pumps are 
#f contrifugal fans and may be briefly stated as follows: 
, |, in ft, per see., of a point on the periphery of the im- 
1) yolovity to water falling from the same height as the 

| against, A, or V = V2gh, in which g = acceleration 
Tl, por sec, Conversely, the maximum theoretical 
V2 ¢. 


wer-factor correction and first cost. The application of this 
olor to centrifugal pumps is restricted to some extent by its 
ively low speed limitation. The squirrel-cage motor has a 
Winlt to the starting torque it will develop and cannot be started 
#! connection across the line except in small sizes. The general 


MW starting is to apply reduced voltage to the primary member, 


rs HW the rotor is 

















A=Kw. input fo constant speed squirrel-cage motor, when 
pump discharge valvejs thrott! led-different|amounts. 
B=Kw. input |to sip ring motor decrease in capacity obtained| 






















































































motors and preferably Pena, 
ith abou 

compound motor wl t 

employed, whether speed adjustmen 

















A a 
YA WD 
Fra. 460. Worthington Three-stage Turbine } 













With alternating-current supply, the aber . 
ring and brush-shifting types of motors —_ : . 
nature of the service and the electric sys pe 
motors are applicable only to the — roa re 
at constant speed against constant head, 
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(2) For a constant diameter of impeller (a) the quam 
vary as the speed, (b) the head will vary as the square ¢ 
(c) the power will vary as the cube of the speed. 

(3) For a constant speed and change in diameter of 
the quantity pumped varies as the diameter of the imp 
varies as the square of the diameter, and (c) the power ¥ 


of the diameter. 
These laws are not strictly true, but the departure is ai 


Example 73. — The impeller of a centrifugal pump is 18 
At what speed must it operate to lift water to a height of 


Solution. — V = V2gh = ./64.4 X 100 = 80.4 ft. per 
per min. “y 


V =2arn 
4824 = 6.28 X 0.625 Xn n= 1230 Tr) 


This is the speed necessary to lift the water to a hei 
in order to actually deliver water the speed must be ine 
overcome friction and impart velocity to the water. 





The velocity of water at the discharge opening of the p 
tice from 5 to 15 ft. per sec. A good working range is 10 
The head corresponding to the velocity of discharge May” 
substituting the discharge velocity in ft. per see. for V 
equation and solving for h. This quantity is ordinarily 
may be neglected. The friction head may be estim 
paragraph 309. 

The suitability of a centrifugal pump for a given #0 
from characteristic curves showing the relation of heat, 
power and efficiency. These curves are based on actual # 
vary with the design of pump. The relationship bel 
quantities is largely controlled by the angles and curvy 
peller blades, and the shape of the volute, or arrangement 

diffusion vanes. If the vanes are radial or inclined fo 
tion of rotation, the head will increase with increased ¢ 
they are curved backwards sufficiently, the head will 
fall off as the delivery decreases. For each set of ope 
there are certain characteristics which give the best ren 
endeavor of the manufacturer to design his pumps to m™ 


The usual form of characteristic curves ia b 


ments. 
speed, the curves showing the relation between head, ¢ 
Many other ¢ 


and brake horsepower at this speed. 
however, by keeping any one of the fundamental quan 
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tw the others. Ordina : 
S. tes and abscissa, inari 
ii the quantities as observed and i “i “pea 

; , but 


ju nly they are based on percenta es, as in Fig, 163. The 
. 
g' ? 








» | 








|" vo 





Brake Horse power 


















































3 Capacity Gal i 

an ts . per Min, 

ost Characteristics of a 10-in. Wheeler Centrifugal Pum 
p. 


ay 


158) and need n ; 
ed not be discussed h ; 
via lo ytd * ere, Since ma 
\ a : ‘i hag product, and the performances ace 
| curves are without purpose ex 
cept for rough ap i 
proxi- 
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twtic Curves of Centrifugal Pumps: Power, Oct. 23, 1923, p. 653. 


Example 74.— Using the data in Fig. 462, cale 
| Pumps: Power, Mar. 3, 1921, p. 698; May 17, 1921, p. 780; May 20, 


heads, power and efficiency, if the speed is increased {f 
1 

r.p.m. 

| Pumps: Power Plant Engrg., Aug. 15, 1920, p. 785; Feb. 15, 1921, p. 218. 


Solution. — Rated capacity at 900 r.p.m. is 2400 gal. pi i" Discharge of Centrifugal Pumps: Power, Aug. 6, 1920, p. 554 


at 1000 r.p.m. = 2400 x 1000 + 835 = 2874 gal. per mk 
Head at 900 r.p.m. and rated capacity is 35 ft. 
= 35 X (1000 + 835)? = 50.2 ft. . 
B.hp. at 900 r.p.m. and rated capacity is 35. Br.hp, 
28 X (1000 + 835) = 48. (Actual tests of the pul , 
1000 r.p.m, gave the following results: Capacity, 
head, 51.5 ft.; and power, 46.5 br.hp.) 

If the laws just cited are strictly true, the efficl i 
must necessarily be the same as at 835 r.p.m., since tb 
5) (1000 + 835)? in the numerator is cancelled by (10 
denominator, thus: 


Vatvium Pumps. — The different types of vacuum pumps em- 
foun power plant practice may be divided into four general 


‘wir pumps. 

fv removal Pumps. 
iY Pumps. 

Heiwate pumps. 


ww) pumps are for the purpose of withdrawing water and non- 
: 6 gases from apparatus under less than atmospheric pressure. 
d lnwelovel jet-condenser wet-air pumps handle simultaneously 

tiie water, condensate, and all entrained air and are, in fact, 


_ Total head (ft.) X ca pacity 
33,000 br hip, 
35 X 2400 X 8.35 
33,000 X 28 0.76, 
1000 1000\" 


35 335, xX 2400 B35 
i 


33,000 x 28 (‘a35 


Eff. 


Eff. at 835 r.p.m. = 







Test of Standard 10’ Type }+s”’ 
ariable Speeds 
Her D q 







xo 





140 R.P.M. 


Eff. at 1000 r.p.m. = 





1 1PM! 


(Actual test efficiency = 0.798.) 
Size does not influence the efficiency of a centrifugal 
the combination of head, capacity, and speed is fave 
conditions usually met with in practice, the follo 
conservative for rough approximations. a 
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Normal Capacity 


Normal © ity 
Gal. per Min. Gal, per Wt, 




















Gal. per Min, 
| hrneteristics of an Allis-Chalmers “Type-S” Centrifugal Pump. 
1500-1800 7 ' 
200 oe on af oiroulating pump and vacuum pump. Surface-condenser 
5000-6500 je deal with the condensate and its air entrainment. Wet- 
Over 6500 fiiy be of the reciprocating, centrifugal, rotary-jet, rotary, 


pement, or steam-jet type. 

Wine “ wetevacuum pump,” “ wet-air pump,” and “ tail 
‘Hien used synonymously, but in order to differentiate be- 
wocling injection water, condensate, and air, and those 
th the injection water and condensate, the term “ wetqair 
| »pplied to the former and “ tail pump ” to the latter, 


A. Single-stage up to 150 ft, head. 2B. Multiatage over 10 


Efficiencies as high as 87 per cent have been realli 
when operating under favorable conditions, and 80 
practice with the larger and better grades of modem 
values given above should be considered as “ ave 
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(3) Dry-air pumps are for the purpose of withd the circulating water in much 
densable gas and entrained vapor from apparatus Une Hip. The space between the cn. of ‘ea “a ile y oar 
e impeller and the 


discharging it against atmospheric or greater pressure, — 
intents and purposes, air compressors: The term “ dry al 
since the gases exhausted are almost invariably st 
vapor. These pumps may be of the reciprocating, 
placement, hydro-centrifugal, or steam-jet types. 

(4) Condensate pumps are for the purpose of withd 
steam from surface condensers and are usually of the 
tive or centrifugal types. 

ogi. Wet-air Pumps for Jet Condensers. — Figure 
of the cylinder of a Dean twin-cylinder wet-air pull 
standard low-level jet condenser and is illustrative © 
type. There’ are 
the suction or foot 
lifting or bucket VW 
head or discharge 
the upward stroke 
bucket, a partial 
in the chamber } 
and the lower head, 
and air in the bottont 
lift the foot valves 
seats and flow inte 
the downward str@ 
A, A close and 
entrapped in cham 
lower head and the 
bucket descends, 

in the cylinder lifts t 

















Maxhaust Steam 








= 
Hireulating 
ater 


Ita, 466. Rees “Roturbo” Jet Condenser. 



























ference of the fan wheel forms the mixing chamber i i 
Hen in brought into contact with radial jets of ig? he 
Y sels as an ejector and ex- Ba eg a 
telive of circulating water and 
Hperation is as follows: circula- 
iawn through the suction pipe 
vii pressure chamber, on the 
Which nozzles are arranged as 
107, and is forced through the 
Hating jets which are arranged 









Y % 
am LZ IEEE 


Fic. 465. Dean Wet-air Pump. B, B from their jain, ‘The water jets, which 

the air and water shaped and subdivided int 
upper portion S of the cylinder between the head plit We projected in lines radiati 0) 
On the next upward stroke, the water and air are wil atill rotating as a nwo 
discharge valves C, C into the hotwell. ‘This discharge lof) nerows a space into which 





wn blows, The circulating 
: } the nowsles, condensate, and eee? 
Figure 466 shows ® vertical section and sectional MH Are picked up by the blades vi otatbo ” Jet Condenser 
_ gue $0 ohh i) ‘iustrattnglal Hieeharged through a woluite vacate ne 
rotary-jet pump as @ jet condenser. This ae in epee s mm 
special type of centrifugal pump, the unique feature Bien: 
ployment of a revolving pressure chamber, ; apaerent veal pnp. Tn thi te th 
" evice the cir- 


from the top compartment is simultaneous with influx 
the lower chamber. 
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culating water condensate and air entrainment are hand sacl ‘ 
He, eycloidal, 3eobe ne Tot A the pump cylinder is maintai om 
M e, eycloidal, 3-lobe ype ro pe agg (A cross \ pendent of the st a by a radius cam carried 
pina 2. of wel-ait on i Oe led Riby « lover and eratihan the outta fiom, the 
denser. lll ret O86, pap Pp +” uve water-sealed. The Aeon 4 f the casing. The <n 
282. Wet-air Pumps for Surface Condensers. — Thes# ip speed 200 to 300 r.p.m. ate an bp 
rers guarantee 


the condensate and air entrainment from surface 
vacuum pumps of a steam heating system dlso come pe! 
The Edwards air pump, Fig. 468, is a typical example of a a = 
of the reciprocating type. Referring to Fig. 468, the 0 fe <4 
flows continuously by gravity from the condenser into Y 
pump through passage A and 
‘As the piston C descends, it fi 
from the lower part of the ei 
cylinder proper through the 
the upward stroke the po 
are closed and the air and 
through head valves D and 
the hotwell. The seats of ¥ 
structed with a rib between 
lip around the outer edge, #0 1 
is water-sealed independently 
: Tn ordinary air pumps, the @ 
i Se eae we the bucket and head-valve 
large, due to the space oceup 
valves and the ribs on the under side of the valve #GNum 
ance space reduces the capacity of the pump, since Te 
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Pia. i 
"1a. 469. High-vacuum Rotrex Pump 


‘I nd to t a ac y 
st . . . f I 
* I) V . uum was be obtained within one-hal. ine 
mr, and within one inch of the barome p 
ter under 18) eratix 1g 


of Woetealr Pum 3 
ps. — Since th : 
Heal with the mi altace wet-air pum f 
oe f r ~ pi of injection sh pelniite ecm 
, the problem of design i -te sate, and all 
al . ; s essential oa 
iixture to be withdrawn under ata determining 
ressures and 


bucket must be compressed above atmospheric pressure ™ The voh mivhar 

discharged, and on the return stroke will expand and nay ng of injection water and condensate f i 

which should be available for a fresh supply of air {row DS the in oh © readily calculated, but the idea © TOF & given 

In the Edwards air pump the clearance space is reduced jection water and condensate and that eel vi 
ced by 


Wikhown quantity and can onl i 

opt mixed with the injection wae eae 
=, wtinospheric pressure and Crater ee 
_ ” ' ry laa less than 1 per cent by whet. ay gi 
he fai fete one or more if the heater is of tthe fr ae 
thn " atest heater. Air leakage is an me 4 
me sar raat is dependent upon the tigbinas 
a ar ike. <A very liberal factor fo ally 
wanna Ks + age, and pump slip, an ave i 
y volume of the circulating water pai 

com- 


fyacuum pum j 
p for jet cond 
lwater for surface pe celadiag and 10 per cent by 


gince there are no bucket valves to limit it. The ab 
foot valves still further increases the capacity of the pul 
reasons. ‘These pumps are arranged either single, ¢ i 
steam, electric, or belt-driven; slow or high speed, 
Figure 469 shows & partial axial and an end section 
Wheeler Manufacturing Co. high-vacuum “ Rotrex ” 
is of the wet-vacuum type and handles both air and water @ 
but it is also adapted for dry-air purposes. The app 
cylindrical casing and a rotor mounted eccentrically Of 
shaft is carried in outboard ring oil bearings which are @ 
of the stuffing boxes. The division between the auc 
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Let Q= — at air and water, incu. ft, hined air, condensate and circulating pump (with the exception 
; Wf the Rees “‘ roturbo jet ” type) is not adapted for high 
q mp, ; gh-vacuum 
V 4 a “ weird ee in cu. ft. a /iint of the enormous increase in air volume at very low pres- 
v= . o condense aa ‘a D {)\ vold injection water and a good air-tight condensing system, 
4 = _ we “a shee ure to be © iwi us 2 in. abs. are possible with the standard type of jet- 
= sakage, lb. Toy Hi! pumps, but practice recommends the use of separ’ i 
{, = temperature of the air in the condenser, } Pimps for vacua higher than 26 in. tis. 
ty “ epee — ree Mies ~- Wel-air pump for surface condenser handles only the condensed 
to - initia ae ure of the he Ing WiAler, Wl, ils theoretical capacity, neglecting clearance, may be deter- 
Po = atmospheric pressure, In. Of mer cury) Wiinating V from equation (260), which then becomes 
p, = total pressure in the condenser, in. of ; 
Py = pressure of aqueous vapor at temperal) Q=v+uw, 0.7547, | (261) 
then (V + v) = volume of water to be pumped from the Pua 
ie of air entering the condenser varies so much with the 
veg! volume of a niga to be removed per the power plant equipment and the conditions of operation 
lated from equation (135), thus Hie average value of vz may lead to serious error, 
aia oh» Hoiii-turbine practice gives 
Pc — Po (J ~ 20 0 for 26-in. vacuum, 
And the total volume to be exhausted per hr. by the  » 80 0 for 27-in, vacuum, 
J ~ 40 v for 28-in. vacuum 
0.7547, : 
Q=V+ot+ reap () » 50 v for 29-in. vacuum. 
¢ 


== shee Sen 
Example 76. — Calculate the piston displacement of Beeproouting engine practice gives 
suitable for a 1000-hp. piston-engine plant operating 
conditions: Water rate 16 lb. per i.hp-hr.; initial steam 
abs.; vacuum, 4 in. abs.; injection water 70 deg. fahr} 
fahr.; air leakage and entrainment 7.5 Ib. per thousand 


water. 
Solution. — Here p, = 4, p, (from steam tables) = 2 
t, = 110, v = 0.04V (from equation 204), wi = 0.0075 V 
Substituting these values in equation (260) and solving 

f 


uk 0.754 X 570, ‘ 
Q = V+0.04V + 0.0075V 7555 59 = BRM 


(J ~ 85 per cent of above for vacua up to 27 in. 


# Hemoval Pumps. — As previously stated, the term “ tail ” 
i} applied to pumps which deal with the combined circulating 
Hilenmute, merely 
helween this 
WM dealing with 
fonilenser-water 
Hie the air en- 
ti practice the 
Hip and wet-air 
1 synonymously. 
type oof }=water 
te ved for the 
Withilrawing the 
Hinting water 
m, but the 
+ appears to be the more common in use. A typical 
Mion is shown in Fig. 370, The Leblanc jet condenser, 

©, Hl, Wheeler low-head high-vacuum jet condenser, 


Average practice gives 3 V as the piston displaceny 
single-acting pump and 3.5 V for a double-acting pump, 
being ordinarily proportioned on a piston velocity of 50 
rated capacity. 

Wet-air pumps are usually independently driven, male 
vary the speed of the pump irrespective of the engine # 
a vacuum before starting the engine, Occasionally, 
load is constant, as in pumping-engine practice, the 
by the main engine. 





Wheeler Dry-Vacuum Pump. 
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Fig. 340, involve the use of centrifugal tail pumps. Wondenser pressure) through passage D and valve E to the: 
to drive this style of pump may be calculated from eq i the cylinder. On the next stroke, the air charge is compressed 


this connection the total head pumped against must ing 
head due to the vacuum in the condenser. 

285. Dry-air or Dry-vacuum Pumps. — Dry-air or @ 
are used in connection with jet or surface condensers wh 
of vacuum is essential, as in steam-turbine practice, 
intended to exhaust the saturated non-condensable vay 
in reality air compressors. Air pumps for jet conden 
much larger volumes of air than those for surface cond 
being equal, because of the air entrained with the cirew 
air pumps may be divided into four general groupsi 
piston, (2) positive rotary-displacement, (3) hydro 
steam-jet. 


Valve // to somewhat more than atmospheric pressure, 
Type: The Leblanc Air Pump, Fig. 339, Wheeler Turbo- 
Nim. 172, and the Worthington Hydraulic Vacuum Pump, Fig. 
Well-known examples of the hydraulic or hurling-water dry-air 
Vhoy differ very little from 
in principle but vary 
iechanical construction. 
Pips, entraining or hurl- 
7 taken from a circulating 
Wivled by centrifugal force 
iw or “pistons” into a 
fiteharge cone, each sheet 
Piston Type: Figure 470 shows a section through 1 Miying with it a layer of 
Wheeler dry-vacuum pump, illustrating the single-ey MF drawn in from the con- 
reciprocating-piston group. The admission valves A Will ® Water is used over and 
ally controlled and the discharge valves are of the With an addition of about 





Fia. 472. Diagrammatic Arrangement 
of Elements in a Wheeler Turbo-air 









type. The rotary admission valves are adjusted so that 1% PWaAkoup to keep down the pump. 
at dead center , wince very little heat 
ss established between I fvom the air-vapor mixture. In some installations, the hurl- 
‘ cylinder so as to ed ® felroulated through cooling coils so that discharge to over- 
Ns sure in the clew hep for lowering the temperature are not necessary. The 
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the suction pressure 
of the piston, 
’ Figure 471 shows 
the cylinder of & 
Valve single-cylind 
vacuum pump wh 
advantages over 
mechanism in that & 
is produced in one cylinder. The pump is single aatit i 
volumetric efficiency practically balances the double 
ordinary single-stage pump and permits the use of jp 
size pump for a given capacity. The valves are thin str 
similar in appearance to clock-spring stock. These 
tightly on ground-faced slotted seats, and in opening 
curved guards, the ends remaining in contact with the 
Mechanically actuated valves are entirely absent, The 
is as follows: With piston moving as indicated, air 
head-end of the cylinder until the piston reaches the 
On the return stroke, the air drawn in the head end of 


cooling water used is by-passed around the 
condenser, being taken from the discharge of 
“lining the circulating pump and returned into the 
Water . . ° . 
lle ~— discharge pipe immediately after the condenser. 
The hydraulic type of air pump is used in 
" large condenser installations in preference to 
f the reciprocating-piston type chiefly because of 
) "ith its compactness, high air-removal capacity, and 
| “o' ability to carry overloads. The reciprocating 
(VV | ] pump shows a decreasing capacity with increase 
given in vacuum and finally reaches a point where 
“ws the capacity becomes zero. Owing to the in- 
creased water velocity at high vacua, the hy- 
draulic air pump increases its capacity as the 
vacuum increases. The hydraulic air pump, 
fe from two to three times as much power as the piston 
iw ln starting, These pumps are invariably of the high- 
are driven by steam turbines or motors. 
' ‘The modern steam-jet air pump has practically sup- 
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Fic. 471. Two-stage Single-cylinder 
Dry-air Pump. 


Hiwion ly. 
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nm conditions and back pressure, draws in the air-vapor mixture 
the nozzle and discharges it through the compression tube against 
pressure than that existing at the suction. By employing a 
Wf nozzles in place of the single nozzle, Fig. 476, the air entrain- 
wily may be greatly increased for the same weight of steam 
|, Careful experimental work has shown that the maximum 
| eompression ratio in a single ejector should not exceed about 


‘planted other types for steam condensers, <a 
total absence of moving parts, simplicity of operat . 
The Parsons vacuum augmentor, Fig. 474, was one of t 
applications of a steam jet to condenser Pr 
the jet merely acted as a booster and increase oar 

inches, so that, 

28 in. in the cond 


at the air pump i, While it is possible to obtain.a vacuum within one inch of 
about 26 in. 4 film, by a single-stage ejector, ex- Sinai 
The modern shows that the steam consumption oat 


Wah for compression ratios exceed- 


ejector is co ; ; 
J Wivight. The single-stage machine 


of forms, but 





hand may be/60m lor installations in which the . 
fied as (1) from the nozzle can be utilized for heaal 
the compresalal heating or where vacua higher than 

#*, wre not essential. 


set of nozzles, and (2) two-stage in which tees : 
the suction opening of a secondary stage. Bot ‘a 
machines may be operated condensing or pore “ . 
takes place between the first and second stage, ¥: 
as of the inter-cooler type, and if the second stage 
a cooler, the design is designated as of the inter- 


HW, Wheeler radojet pump was one 
Heel American designs involving the 

i two-stage principle and was 
Welvumental in popularizing the 
je of pump for condenser service. 









‘ nae if), (he primary jet withdraws the | Nioute” 
nozzles are of either the single or multi-jet type. Aly from the pedi and com- 
fear Ohawibor 1) four or five in. above condenser 
ein Hi! the secondary jet picks up the 
fin the primary and forces it out 
* Oxinting back pressure. The 
bouton jet le radial in form and discharges 


A itt 
ilar volute chamber. This form see Tis 
ll the steam to spread out si | 477. Radojet Pump 
¥ ; y : without Inter-cooler. 
*iape and in a direction which 
Nilay to the axis of the steam nozzle. This permits of an en- 
Wf the entrainment surface for a given mass of steam and also 
Niles of this dise-like jet to entrain the air in passing across the 
mielion chamber. 


Me Ai) Intor-ce oler, either of the jet or surface type, between the 








led 
Fia. 475. Typical Single-stage Fra. (7%, “rf the steam from the first-stage jets is entirely condensed. The 
Single-nozzle Ejector. , therefore, has only air to compress and since the air is but a 
a » 475 shows a section through a typical sing | of the air-vapor mixture from the primary stage, the steam 
gur 


H! the second stage is greatly reduced and the total steam 
of the combined stages is one-half that of a single-stage 
Wivalent air capacity, 


ejector consisting essentially of a single divergent stoan 
ing into the conventional form of compression tube, 
the nozzle at a velocity of 2000 to 4000 ft, per sed, € 
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, While the air escapes through the vent as shown in the illustra- 
f® is no mixing of 
‘lor, The passages 
‘il so that the water 
through the inter- 
fid then through 


Figure 478 shows a section through a Westinghouse 8! 
of the jet inter-condenser type illustrating a modern 
steam ejector for air-removal purposes. Steam enters 4 
led to the primary and secondary stage nozzles through 
Leaving the primary nozzles at high velocity, the stet 
e delivered through the primary compression 1 



















air ar 
cooler at a pressure of four or five in. of mercury. The Midonser. 
in the inter-cooler by contact with cooling water. The } uinps of the inter- § 
from the @ ) type, no other air- 
supply if the Wiiipment is neces- 














is of the jet 
Water? hotwell if 


Tue” 


Brlmary Jet 


a) | 








of Dry-air Pumps. 



















eh cxcn NENGOEN SISOS olan NK 
SS . 
the surface ty Hiielric capacity of ; i | | 
ite Vapor ment passes I) : for condenser ry 
eo discharge 10 ied upon experi- y 1 i 1 
Secondary seo © SUCtion ch than theory, be- Y } y 
point the WMiount of air in y y 1 7 
with the Wil the air filtra- i } i 4 Y 
secondary no) Y Wincertain quan- y } Y 
secondary m™ the air to be = maameliid MAAasiiaad 
the atmosph Wi saturated with ra a 
water from W, the pump dis- ae. 
together with Ww iis equivalent 
steam from th } armor than if dry a 
is drawn Swupplied. The Fig. 479. Radojet Air Pump with Inter- 
condenser hi Haley vapor which = aN 
mal | om looped pipe, Mimted for a given weight of dry air for different vacua and 
(ai-vapoy) = Sure at the d air-pump suction temperatures 
of the second Le is shown in Fig. 335. The great 





' ‘| Quantity of Dry mpm be 
from Jet oF Barometr} 
fe pee 1000 Gationg per Minu 
" alor 


Drain to, Hotwell 


not exceed 1 
wise consid@ 
initial steam 


be necessary and the steam consumption would be 
Without the inter-cooler, the same quantity of air-vapor 
handled, but a much larger quantity of steam would 
rating the second stage. 
“iFigite 479 shows a section through a C. H. Wheeler * 
pump of the inter-after-cooler type illustrating the latest 
class of pump. This design is similar to the sur face inte 
with the addition of a compartment for condensing the 
secondary ejector. As this “ after-condenser ” is of the: 
heat from the secondary steam is absorbed by the wat 


reduction in volume effected by 
cooling the air-pump suction is 
clearly .shown. The marked 
superiority of counter-current 
over parallel-current flow in the 
older designs of jet condensers 
is chiefly due to the greater 
reduction in temperature of the 
rT in Seer Tee air and its vapor content. 
ula of Ale por Hour ’ The curves in Figs. 480 and 
Wie, 480, 481 may be used as a guide 
in estimating the weight of dry 
| by a dry-air pump under different vacua and tem- 


Fra. 478. Westinghouse Steam-jet Air Pump 
(Jet Inter-cooler Type). 
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peratures, but they must be used with caution since 

for excessive air leakage. These curves give the weijl 
In order, however, to exhaust the given quantity of 
entrainment must also be withdrawn. The ratio of 
the saturated mixture may be calculated from equation 
taken directly from the curves in Fig. 335. The apf 
curves are best illustrated by a specific example. 


1 for 26-in. vacuum 


1 for 27-in. vacuum 40 to 1 for 28-in, vacuum 


50 to 1 for 29-in, vacuum 


in Fic , ; 
- bad 482 give a comparison between the performance of 
pump with 70 deg. fahr. hurling water temperature and 











Example 77. — Required the air pump capacity for A 
face condenser installation using 125,000 lb. of steam 
98,5 in., inlet and outlet temperature of the circulatin 
deg. fahr. respectively. 


Solution. — From Fig. 481 the dry air leakage corre 
lb. per hr. is found to be 33 Ib. per hr. Assuming 
mixture is withdrawn at a temperature correspondit 















































Cubic Feet Free Air per Minute. 












































in ) Comparative Tests of Turbo-ai 
o-air Pump vs. 
Steam Ejector. ekg 5: 
300 
: } jet ejector with inter. 
-cooler. These i 
MN Bes curves are a 
: Wiilur designs tested but serve to show the eels 
. ryy ° . fy 
We types. The curves in Fig. 483 are of interest i : 
) hwiween steam "ere 
Wil alr-removal 
3 "Hadojet” ai 4 
Milojet” airy 
i Without inter- < 0 ¢ a0 
2 * 
3 bth wtages in § «0 “16 
6 oa 
Wiviished with 4. 8 
i WW ih, wage at 2 oy? 
Pounds of Free Air per Hour i 3 4 
< 
ma: bi faltial pressure 2,2 
| A 4 10 40 
| | : he approxi- 
the circulating water (= 75 deg.), we find from Fig. 885 0 me tho maxi ae 
xi- 0 























water vapor to dry air at this temperature and absolute OD) 
is 0.89. Therefore, the air pump capacity is 33% \, 
air-vapor mixture per hr. 


hve pressure, ois te Absolute Pressure at Pump. In. Mercury 
bat "ia, é 
in Initial i, 483. Performance of Radojet Air Pump 


hierenne the when Handling Atmospheric Air. 


It is usual, for surface condensers, to provide two #l™ Wy lnoroanos the ‘ 
of capacity as obtained by use of these curves, and, for the steam consumption. 
two ejectors of a total capacity as indicated by curves 
are based on maximum air entrainment in injection 
preciable amount of air is carried out through the 

For dry-air pumps of the reciprocating-piston type, 
displacement to volume of condensate is approximately 


son Pump to Rmploy i Mi 

) y in a Given Case: 
ih tes, a on fiven Case: 
Petty Venta: Power, June 14, 1921, p. 990. 


Trans. A.S.M.E., Vol. 44, 


ong : In general, circulating pumps for surface 
large capacity against comparatively low 
uf the older stations, these pumps are of vertical 




















































































676 STEAM POWER PLANT ENGINEERING witb , 
or horizontal centrifugal type. For heads of 25 ft. or me Dhoecessary t ; 
pumps are recommended, driven either by turbine oF y to deliver water by any type of pump is 
may be dictated by the heat balance of the plant. In Ii Br.hp. = W H/33,000E (262) 
multi-rotor pumps are usually installed so as to acco ’ 
operation to low heads of 15 to 25 ft. Steam-turbine } 
the highest flexibility for condenser operation ¢ a an Ase delivered, Ib. per min., 
which the speed can be changed to take care of fluet Se 
under sdlaant head conditions, to increase or decrease hwnical efficiency of the pump. 
water required, ‘his is also true of the variable-spoet 
until quite TABLE 87 
es. circulating pully LARGE CIRCULATING PUMP INSTALLATIONS 
with constan EE re URE 
no attempt to Nated | Number | Maximum Ra 
(anecity | of Pumps | Capacity of | Hi ie 
si recent inal Me” | "Sane | "ee Eaee el Ol a 
. constant-speed JF 20,000 1 
: 1000 condenser hiv 80,000 2 cae pA Constant-speed bhobas 
doko water-box 601 Wooo | 1 | 55,000 | 800. | Constant-specd moto 
: a pumps are pit w000 | 7 po 430 | 1Motor, 1 Duplex 
os ml Wy 35,000 350 | Constant-speed 
10 é 400 charge Me ot ne ; pea : 4 Constant-sneed by 
[ean pass valve #0 ft , a 2-speed motor 
es 300 7600 2400 +200 «©—-4000 may be used to 0,000 2 18,000 oS relator ase wea 
Capacity in Gallons per Minute , the entire con : 9.000 ; a é 1-170 | Turbine speed motor 
Fia. 484. Performance Curves of a Typical may supply 10.000 1 i one 253 | Variable-speed motor 
Circulating Pump Installation. 40,000 2 25000 Geared turbine 
of the conde 44,000 1 35,000 pe Constant-speed motor 
of the other half. The economies effected by this combi mY, 000 2 39,000 300 rca 
come up to expectations. In the very latest large pe a ee 
are two pumps to a single condenser, each equipped wi Baad of course remai ns 
motor. This arrangement gives approximately the Plow of Rio hath gis nine isis re being the 
reduced flow as at maximum flow and effects a conmlder thw Quantity pumped “kink Be apr approximately with 
power over the single-pump installation aside from ine wh the ate ‘i ari 1s ee in Fig. 487. The 
of operation. Sand the friction through *f ns calculated by means of 
The power required by the circulating pumps is the | (in) gh the pipe and fittings as shown 
condenser auxiliaries and, therefore, every effort should be 
the pumping head and the required quantity of cireulatl m  (ualeulate the powe : : ( ; 
aeadie: Where it is possible to seal the ciroulatlll Me vondenser eB pe Pend pa ss eet 
pipe, the system operates as a siphon and the static head i! bee peor capacity of main turbine 10,000. Ea 
in level of intake and discharge tunnels. Where the ale HO tp yor so lb. per kw-hr., ratio of cooling 
cannot be sealed, the static head is the difference in level it, pump efficiency 7 Ay Re. tle ge head 20 ft., static dis- 
. ‘r cent, pump discharge velocity 


and the top pass in the condenser, The total head pu 
any case is the sum of the static head (suction plus ¢ 
head lost in the condenser and piping and velocity t 


# velovit = 
boas" ity head = V2/2 q = 15%/64.4 = 3.5 ft. 
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i i : ing to 28 in. of i 
lution. — Suction head corresponding i | 
taints a friction and discharge head of 29 ft.; effi 

Substituting these values in equation (262), 


10,000 X 15 X (31 + 29) _ 94 (yy 
Br.hp. = Go x 33,000 X0.5 . 


tt, of free air per gal., 

al submergence in ft., 

Miviont determined from experiment. 

| submergence S may be determined from the relationship 
if S = LS,/l, (264) 

290. Air Lift. — The air lift is a simple arrangement j 

water may be raised by means of compressed air. a 

parts, and no valves are employed except to regu . 

Its particular field of application lies in pumping ee 

scattered wells, and on account of the total absence 

peculiarly adapted to handling water containing sand, 

The device consists of a partially submerged water 

variously arranged as in Fig. 485 (A) to (D). Com 


Wil lift in ft. (A, Fig. 485), 

Hiergence percentage (100 B/C, Fig. 485), 
jreentage (100 A/C, Fig. 485). : 

Hien C may be approximated as follows: 


C = 255 —0.1 L. (265) 


WH! pressure required for any lift and any percentage of sub- 
Hi ts convenient to divide the actual submergence in feet by 2 
He pressure in Ib. This gives enough pressure in excess of 
Water head to allow for the pipe friction and other losses. 
iy (" water” hp. divided by “ air” hp.) varies from 30 to 
Hierensing as the ratio B/C increases from 0.55 to 0.85. (Engi- 
Ai, 15, 1904, p. 564.) A number of tests give efficiencies 
WY, divided by i.hp. of steam cylinder) varying from 20 to 40 
hp. required to compress one cu. ft. of free air to different 


M), In. a8 determined from actual practice, is approximately 
Able 87a, 











TABLE 87a 














. Hp. Required to Hp. Required to 
i J \ eh ( omiproas 1 Cubic = Pounds Compress 1 Cubic 
Fig. 485. Various Arrangements of the Ale 
v0) 0.434 60 0.159 
5 . x Wo 0.376 45 0:145 
into the water pipe at or near the bottom, decreas lin) 0.201 30 0.121 






column, and the difference in weight between the wolld 
and the air-water column A causes the flow, The # 
of this device depends upon the ratio of the depth of wi 
total head C. 
The quantity of air necessary to operate an alr 
approximated from the equation (see Prac, Hing, U, 
_ —p. 854) 


mw 0,189 


f, Noy, 25, 1920, p. 818; Apr. 17, 1923, p. 591; Jan. 30, 1923, p. 177; 
MW) Hul, No, 1265, 1924, Univ. of Wis. 


fevernors, — Steam-driven pumps are readily adapted to 
| since it is only necessary to regulate the speed by 
feo supply. Figure 486 shows a section through a 


S + 34 
mc os fornor illustrating the general principles of constant- 


V=L + log a4 x¢ “ 
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pressure control on pumps of this class. It embodies 
valve in the steam supply pipe of the pump, actuated 
tions in water pressure. When the demand for water 
sure in the discharge pipe tends to decrease, and this 
(transmitted to the pump governor through opening 
steam to be admitted, which increases the speed of 
governor is connected to the steam inlet of the pump at 
enters at A. ‘The double-seated balanced valve C 
of steam to the cylinder by the 
from the seat. The valve is held 
the compression of which may be 
wheel K. The water pressure 
from the discharge pipe acts on 
piston F, and tends to over- 
come the resistance of the . 
spring. The difference in pres- 
sure between the water and the 
spring determines the position 
of valve C. The spring tension 
is adjusted by means of the 
hand wheels. 

For maintaining a constant 
pressure in the suction line of 
a steam-driven vacuum pump, 


7 design of a Lee steam turbine. The water end of the 
/ ‘ ite to the discharge line of the pump and the steam end 
il to the steam line. Pressure is thus.introduced to the 
rf oe end of the governor body and acts upon the dia- 
1ese are connected by a diaphragm spacer which 
o, 4 4 pete the governor lever G and in turn the Mivarnor 
‘ ‘edet i | 

’ . eae excess-pressure is produced by a coil-spring, 
wore, will be 
pint where the 
We equals the 
i plus spring 
prolive of the 
jitewure of the 1. 
" 
ater)=6Regula- 
Wi reat ma- 
Older steam 
Hippy of feed- 


holler is con- 
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i regulating 
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ly jn throttled 
Haller roquire- Fig. 488. Excess-pressure Turbo-pump 
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Za7eAll ¥ the spring-loaded piston in the 














- governor is replaced by a lever= 
abenen pee It in practi- Governor. 
me, ied el if 10 manipulate the valve so that the water will flow i od 
stant - Pressure through a Fisher excess-pres- yy. i the wleam is driven off, the flow is more or less i ove ¥ 
San» Po theca ae fy: o oni . level ranging from maximum to minimum. Practically 
eas et Bitte Modern central stations and many of the smaller install ‘ 
te SO rails Pye! with automatic regulators, not only to insur sontinise 
of the variations in steam pressure or the capacity of eat ligt ipa Stat esate dispense ith the 
ernors of this type are usually installed in connection heretic nares aePeagene > rg : 
the fluctuations of the water level in the boiler for their 


pumps. They differ from the constant pressure type only 
tion of a lever-weighted diaphragm for the springeacti) 
the connection of the steam pressure to the under side 
and of the feed line pressure to the upper side, The din 
has to support only the excess pressure necessary too 
and lever. This type of governor is readily applied 


driven centrifugal pump. 
Figure 488 shows a section through an excess-[) 


shows 4 woction through a Stets boiler-feed controller illus 
belevor type. The float chamber is connected to the 
W the boiler or water column and to the lower water- ; 
fer that the mean water level in the chamber is ite 
ii the boiler, A copper float, rising and falling with 
Mlintes, through the ageney of suitable levers, a balan 

Pelion or increases the flow of water to the ‘boiler. ‘A 
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fixed relation is maintained between water level and 
are all in the pressure space, 
tween the float and feed valve, — 
amount of alcohol, internal pressure 
practically the 
ternal pressure 
‘therefore the } 
very little str” 
and valve oper 
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As the working parts 
friction is interposed be 
tains a small 

















Fra. 489. Stets Boiler-Feed Controller. 


the boiler. The level of the water in this tube will 
Tube S is surrounded by vessel 1 wh 


in the boiler. 
ends and does not communicate with 


the boiler. Vessel 7’ is equipped 
with thin bronze fins to carry away 
gat. This vessel is filled with water, 
which always remains in the system, 
and is connected through flexible 
tubing F to the top of a diaphragm- 
controlled balanced valve in the feed 
pipe. When the water in the boiler 
is at its highest permissible level, 
the tube S is filled with boiler water, 
the temperature of the independent 
water body in vessel 7’ is com- 
paratively low, and the feed valve 
is closed. As the level of the water 
in the boiler is lowered by the dis- 


charge of steam through the boiler 
the level in tube S drops corresponc 


nozzle, 
filled with steam. ‘This steam gives 


causes it to expand, The pressure 
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ae — er of the feed valve and opens it a 
*" e lower the water lal bi pro- 
Oxpose in tube S, th rate 
hh d A steam and hence the higher the breiure fe ake 
Hoan and se ps Poe water level rises, less Burface ‘ste 
Wes e action of the radiati Se 
Mul consequentl ; radiating fins, the tem- 
y the pressure in chamb : : ty 
Hetion of tube S is tra er 7, is reduced. Tho 
‘ pped so that t i ' 
A - lemperature than that in the eter Mb > oy 
shows the general arrangement of a Copes feedwater regulat 
or 


m to give & con 
qt. the thermo-e i 
Y in gradually expansion type. The regul i 
high to the low Ml contraction of a heavy metalli eae » eae 
Figure 400 Hl by a lever c tube mounted on a base 
Mii food line. 


Wi tube is 
Welinod posi- 
® the water 
holler, and 


generator of 

illustrating the 
type. The 
an inclined 






‘Water at Bligh H 
Above Room Tonys i 






connected throt wil 
connec ithe steam 
APLCON as 
te Water level 
Xpansion tube as it does in the boi 

ws | _" pepe being filled with steam, is ot sein Cat : 

m Y th r, is slightly above room temperature besiend 

es aan gradually cools off by radiation.’ At normal 

or level at position “ 2,” Fig. 491, half of the expand 


Wilh «team and half wi 
with water, and the t 

al Hpens the central valve to position “ 2,” yi the load 
, m yi level falls and the tube is filled wit 

ide the tube and ca 
sad ead uses the valve to open proportion- 
Hy Operation, all feed 

: water i 

Hh wuliable pump governors. nen 


Average Water 
Level Line in Hetler 
ee AY 


AS 
7a 
ji 
4 
“Ih 


PROBLEMS 


Hie duplex boiler-feed 
-feed pump uses 125 Tb i i 
py eggheerne ) Ib, steam per i. i 
| } oe : | ; . nine temperature 180 deg. fahr ; eit oad eee 
nied by the boiler is necessary to o ey 
; y to operate the 
oie engine delivers 80,310,000 teed water i 
ff » per aq. in,, initial steam pressure 200 Ib. abs ‘d aS th 
‘lb, por br.bp-hr., steam initially dry Rev ired rh a 

fend per million Beta, ie cod 


“ Ww 


Tra. 490, 


lingly and 
up heat to the 
created by this 
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del i si f a direct-acting sil 
ine the cylinder dimensions 0 ! 
sucble for » SOM poiler, maximum overload 100 per cent, 
i og. fahr. 
ter temperature 70 deg. acti 
si he. sete? the probable i-hp. when operating at rer aa 
6. Which is the more economical in heat consump a 
motor-drivel triplex power pump? Boiler ies pe 
60 deg. fahr., injector delivers 16 Ib. of water per 1b. 


and motor 60 per cent. ; 
6. Approximate the cylin 

using 16 Ib. steam per ihp-hr., 

30 in.), dry steam at admission, 


































CHAPTER XV 
SEPARATORS, TRAPS, AND DRAINS 


der dimensions of a wet-air pump? 
initial pressure 150 lb. abs, vat 
initial temperature of ina 
veal 
7. Required the horsepower necessary to oe . a ; 
; e-condenser. installation using 1000 gallons 0 . 
ai initial temperature of circulating Wi 
8. If a motor-driven centrifugal pump a hams | 
Problem 7) is installed in connection with . FS mate pr 
water to condensed steam is 30 to 1, require e pi 


sary to operate the pump. 
9. If the pump in Pro 


i, — While separators, traps, and drains appear to be insig- 
fis in the steam power plant, the economy and physical 
W the station are largely dependent upon their correct installa- 
Pieper functioning. High-pressure saturated steam flowing 
) prime mover or auxiliaries always contains more or less 
Aiher to priming or foaming in the boiler or condensation in 
Wie Aside from increased conductivity due to the higher 
fh increases the condensation losses, the water content may 
Iwinmner in the pipe line or even destruction of the prime 
Hisiliavios if they are of the reciprocating type. With steam 
Holsture content reduces efficiency and causes excessive 
Hilades, Practically all of the scale-forming elements carried 
Heim are in the moisture content, so that elimination of the 
1) femove these impurities and prevent them from fouling 
fer coils, clogging the valves and fittings, and cutting the 
An efficient separator, such as the “Tracy Steam 

w! within the boiler and taking the place of the customary 
} tiwure perfectly dry steam delivery to the superheater or to 
i header. Drip pockets, which are in reality steam separa- 
# Muilable points in the pipe line, will remove a considerable 
he Water ontrai nment, while a correctly designed steam separa- 
# the engine throttle, will eliminate all but a trace of the 
te! bo that point. Exhaust steam from reciprocating engines 
MNlAlna not only moisture due to cylinder condensation and 
from work done by the steam, but a varying amount of the 
Iieation, The greater part of the oil appears as an emulsion 
ie in the exhaust, so that elimination of the moisture will 
feinove the oil, Where oil-free exhaust is necessary for 
mm or where the exhaust is to pass into a low-pressure 
Heliirerfreo steam must be provided to prevent excessive 
i) oll eliminator or separator will remove nearly all the 
fwate, The moisture trapped from the high-pressure 
t#, receiver coils or other high-pressure appliances has a 
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a surfac 
pumped against 50 ft., 


plem 8 is driven by a steam engine 
hp-hr. and the exhaust is used for heating the foi PP 
pga e heat supply necessary to operate the pump. fe. 
Tua ate vacuum 26 in. (barometer 30 in.), circular » 
ne Ib. ate., back pressure 16 lb. abs. Assume dry steam 
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688 STEAM POWER PLANT ENGINEERED 
Toppes, 
i Reverse-current......,, 

nsiderable heat content and, unless the plant is #0 verse-curren | Stratton, 
er f little consequence, it is customary to reclaim t lets aid Keystone. 
is 0 it directly to the boiler, heater, or hot-water gal...) Mosher, 
ae formed by steam traps, or similar autommtle M woparators............... ohn 
oon there is no need for live steam s@pi\ i“ Baffle-plate:.... aan mee. 
in superheated steam lines where the temperature i Traey. 
saturation, but in starting up there 1s always some Of Mesh......,.... some oak 
times there is a possibility of the superheater beed I thie, 
slugs of water being carried over into the piping 


i i drip pe 
inst the water reaching the prime mover, 
the line, suitable drains at the erenien = 8 ape 
tor at the throttle. Whenever it 1s ag 0 ye a 
at high velocities and at the same time reduce meh! 
or provide a damping effect for pulsation, ‘ 
close to the throttle will effect the desired a ti. df 
Separators, traps, and drains are designed for & 


fi! losts made at Armour Institute of Technology in 1905 on a 
mparators showed that the efficiency of separation decreased 
ty of the steam increased. At the low velocity of 500 ft. per 
fitors were equally efficient (about 99.8 per cent), 
fer min. several had little effect, and at a velocity of 8000 ft, 
Wily ono gave efficient results. For this reason, it is better to 

Hie too large a separator than one which is too small. Further- 
Hewure drop through the separator increases approximately as 
pressures, medium or mf presses oot ee ff the velocity and may become excessive at velocities over 
* appliances will be briefly ' an 
Mar iy. Reis sini at iy = Any pocket aa In fen Steam Separators. — Figure 492 shows a section through 
of piping will remove all or a pa 


at a velocity 


h as to carry allt Hi) Heparator and illustrates the principle of reverse-current 
: locity is not such as to cm Meam may flow through in either direc- 
sree i ian anf 10 ft. per see., practial tho Bales and outlet pate are surrounded 
peer in a pocket having a diameter of opening Ot 1, partly filled with water, which inter- 
penta since this is far below the minimum vio Hatiire following the surface of the pipe, 
euaas, a plain drip pocket will ewig pt i Wiward plunge of the steam throws the 
: e g fey to the bottom of the separator. The 
trainment. In order to remove 4 Pp : 
separating vessel must be designed so that one or mi ls carried from the troughs by pipe P 
principles are employed. low, from which it is trapped at D in the 
irection of the flow is 
1. Reverse-current. The direc 


The velocity of the steam in passing 
mperator is greatly reduced to prevent 
my) taking up the water in the bottom of 


usually through 180 deg. This causes the water in — | 
of its greater specific gravity, to be thrown into a re 
the steam passes on in a reverse direction. 





® la brought about by increasing the Fre. 492. Typical 
i is i } ) through the separator. Reverse - current 
: force. A rotary motion 18 imparted ago gh p 
si ‘apr ca reek particles are eliminated by een wives a sectional view of a Stratton Separator. (Hop 
whereby eae . 1 by cor Hh, ‘hough primarily of the reverse-cur- 
- . The flow is interrupted by why y e reverse-cur 
_ + aga of which the water particles adhere Hiilion also the principle of centrifugal force. The sepa- 
font gravity to the well below. y i & vertical cast-iron or cast-steel cylinder with an in- 
ey ion is brought about by | 
4. Mesh. The separation 1s broug 


pipe C extending from the top downward for about half 
the Apparatus, leaving an annular space between the 
Ht of steam on entering is deflected by a curved par- 
Wh tangentially to the annular space at the side, 


through screens or meshes. 


The following outline shows the classification of 4 
accordance with the above principles: 
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near the top of the apparatus. It is thus i 
velocity of influx, producing the centrifuga oa 
particles of water against the outer Ke A 
face, so that the water runs down continuously In ' 


“rator and illustrates the application of baffle plates for live- 
wration. This separator consists of a rectangular cast-iron 
Hh) « cylindrical receiver beneath it. Directly across the steam 
#0 bullle-plates corrugated for the reception of entrained water, 
Honsist of vertical castings, each containing a main artery or 
Which leads directly to the receiver. The fronts of the plates 
With « series of recesses sloping inwards and downwards, ter- 
Hi Wn opening of capillary size leading to the main artery. The 
MAnuered, so that the steam must impinge against all of them 
it ‘The particles of water adhere to the plates, collect, and 
Vily into the receiver. The flanges at the bottom constrict 
of the reservoir so as to prevent the steam from picking up 
HH! the water. 
H07 shows a section through an Austin separator and illustrates 
Wnbodying the fluted baffle-plate principle. The steam in 





bined 
j Steam Fie. 494. Com 
ce Pwisiak : Centrifugal Sep 


at 

outer shell into the receptacle below. The f . 
course to the bottom of the internal pipe, abrup ‘s 
upward and out of the separator without having ) : 
of separated water. The raplil 

current of steam imparts & whi 
separated water which tends 1 
proper discharge from the appil 
rator has therefore been provi 
ribs Z projecting at an acule 
of the current, which have the 
up this whirling motion and alle 
settle quietly at the bottom, W 
through the drain pipe D, 
Centrifugal Steam Separators, 

















Muncy Steam Sepa- 
rator, 


Fig. 497. Austin Steam Sepa- 
rator. (Fluted Baffle.) 


wh the chamber impinges against the fluted baffle-plate B. 
Wuiheros to the surfaces, collects and trickles along the cor- 
the bottom of the well. These corrugations are formed in 


f (hat the steam cannot come in contact with the water 
a} section through a Swartout cont they have been once eliminated. A perforated diaphragm 
\ a \ : ‘ nal - .: . . s . 
Fra. 495. Typical Cen- ‘The helix in the inlet opening ill Water in the well from coming in contact with the steam. 


trifugal . Separator. 1 otion to the steam without red Wf wioam is also reversed, thus giving additional separating 
(Swartout. ) The water particles are throwt 


e i team passes on in a dty 
by centrifugal force, while the s 
” Bafflesplate Steam Separators. — Vigure 496 gives an 





Apparatus, 


purifier or “ dry pipe ” consists essentially of a number 
plates placed inside the boiler (taking the place of the 
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i hat the steam 1 
customary dry pipe) in a a are) ewe 
a ceca Oe velocity through the channels ia 
sien " that the moisture is not picked up again by 
esiane ravitates to the bottom of the chamber and is ¢ 
— 94 — Figure 498 shows a par a 
separator, illustrating the principle of mesh separation, 


¥ to place the separator close to the main throttle without inter- 

Piping. 

Pihaust-steam Separators and Oil Eliminators. —The { unction 
Misl-steam separator is the removal of cylinder oil from the steam 

| hy engines and pumps. In plants where exhaust steam is used 

i, | is quite essential to remove the oil from the steam before it 
heating system, for the oil not only reduces the efficiency of the 


hy coating them with an 
i -i ds and hb | : 
are made with steel bodies and cast iron “ 8 M . By ong them with an 
6 in. inclusive, the larger #1708 . : } 
to . The uM i of danger to the boiled 
of cast-iron or boiler plate. 







e thew lnee-condensing plants 

2 . are Tit | 2 ae 
lining E, and diaphra: “a \ tor will prevent the oil Steam Chest which ty 
copper; the cone O is @ su {aun : 


securely anchored 





three cast-iron Hie the condenser tubes herr tan: 
i ting on thr a tl : 
2 vi ae 
tion is as follows: The nee ee) thls » 08 een Steam 

operatl ils of the steam pipe t, ince the oil or grease eparator PEAY turbine cytoder 
around the walls o carried Miliviency of the heat | PN 
upper edge of cone C ee — “ Steam Chest Rated ai 
pe. ge jee “mpingsa eral wense, a live-steam ot aee | | a 
entering bi ae sed of sollte W aleo an oil eliminator, Turbine) ae 
surface, ere? eh wail Wie wparators previously 
with sieve 8, t ei: nnot readily perform this function to = ements Ts! 
but from which it ca it , iat, ince the under- Connecting Ancho 

h the sieve and depos ne " 7 ee Turbine Cylinder 
throug : 0. this water 1 fil governing the elimi- 
face of the cone OU, 


Fic. 500. Separator Applied to Steam 


BI 498. “Direct” ductors P to the water chamber, Wl from exhaust steam 
IG. . 


Turbine — Overhead Steam Main. 
') those employed in 
: i content of ploy : 
Steam Separator. E permits the moisture Water from steam. Most of the separators described above 
through the opening to the water below ’ pied in lighter form, as oil eliminators, but by far the greater 
‘ ing in con- hawed on the 
d prevents it from coming 1 maed on the 
tact an with the current of steam. Soengt'wiiae A © 


fluted baffle-plate principle, of which the Austin, 
Utility, Crane, and Keiley are well-known examples. 
parator will eliminate a considerable portion of the 
provided the baffle-plates or corrugated surfaces are 


i ane, 
Of vil we 
Henin, 

Heaned, 


Velocity through exhaust steam pipes, particularly in con- 


A trough is provided at the lower edge 


\ 7} 
heasn Crowd —of tl Ith 

of the inverted cup, which leads all on, | es 
the water that may adhere to it to wr e 
the water chamber. The steam nt ae 4 
through the passages indicated by  ,, 7asisBet ~~ 


saab 1, ls much higher than with live steam, the separator chamber 
spring at "hich st ho teenie mating surface must be of sufficient size to reduce the 
Med tats Mer axel The yer Ss cae // Wine, separation will be inefficient. 
forte plae. prevents oo fll method of removing oil from steam is to project the 
forated plate D prevents the steam Fic. 400. Bepanllll 


from picking water out of the water muses ail 


oe 499 and 500 show typical installations of Ii 


separators to steam turbines, With reciprocating 


the surface of a body of water, The water may be hot or 
Wold the oil if it once reaches the surface. It is essential, 
Wiliwe the velocity of the steam as it passes on its way to 








694 STEAM POWER PLANT ENGINEERED ¢ SEPARATORS, TRAPS, AND DRAINS 695 











































Hy i) connection with surface condensers or heaters or when the 
If passed into a low-pressure turbine. Where a jet condenser is 
hwlwell itself acts as an efficient oil separator. 

Wipoval of Drips. — The water condensed or otherwise deposited 
ture lines should be removed as rapidly as possible to prevent 
fier, blade erosion in turbines, and possible wreckage of piston 
fyers and auxiliaries. These high-pressure drips, whether col- 
Mall individual drip pockets, separators, or a common reservoir, 
Miiwiderable heat, are free from impurities and therefore should 
| to the boiler either directly or indirectly. The same is true 
fer of condensation however formed and of whatever tempera- 
Hel the quantity involved is not too small to cover the invest- 
Mf the return equipment, and the quality is not such as to re- 
wive treatment. In small plants with low load factors, it is 


The most efficient method of removing all aa rn 
filtration and absorption. A large chamber filled be 
tile, or other absorbing material is placed in series 
The steam passing through this chamber is entire a 
moisture, provided the absorbing material is — 
replenished as soon as it becomes saturated wit hes 
attending the removal and giro ne ae 

i f at size O 
frequent intervals and the ie ° 
tion, in which many of the 
tures are reduced to a mini 
grease and oil extractor, 
haust steam enters the ¢h 
strikes a large deflecting 


= inverted V, and permits part Hore economical to discharge all condensation to waste ; in 
# iS PTTTITIIS | tion and oil to be drawn off b ni, it may be advisable to save the high-pressure drips and 
6 The steam then rises and i ) the contaminated low-pressure con- 





hit in the large modern central sta- 
i) in made for utilizing all condensate 
fvils the heat content and the water 


dicated, against a series of 
wy fibrous material covered 
rr screens. The grease 18 
ae shelf by suitable drains, 


sectional and any num- 


MM shows one of the simplest means 





ber of sections may be wf the drips in a small piston en- 
added without affect- the (Quantities involved are too small 
ing the rest. Monwervation. The water collected 
In a non-condensing Hhivotile valve and the condensation 
plant where the ex if in starting up are blown directly 
Fic. at het Grease aust’ steam is used , Hail pipe. ciple system makes no Frc. 508. Simple Method. 
heating purposes, the 4 water carried over a e-* = of Draining Daigie 
¢ : sp aa : e main jf Chine is in operation. ‘ Possible 
oil separator > fe penetra heating ie engine from this cause may be prevented by placing 
exhaust pipe just De | branches enter one main, Hl enifting valves at the ends of the cylinder. 
system. Where coi lace a separator in each pliite with low load factors, and where there is a deficiency 
it is not customary pei lashed as above being Hew for feedwater heating, the high-pressure drips are fre- 
branch, one sc sep tors are also incorporated in | ilitwetly to the heater, the valves in the drip pipes being 
sufficient. Ol ia m feedwater heaters. If ia f) permit a continuous flow of condensate to the heater. 
the body of ras re directly to waste, there ‘WH williclont exhaust to heat the feedwater to a temperature 
es ten gee except. to prevent the oll fy (hat of the exhaust, this may entail a serious loss since 
is 


i i y ling neighborhe 
fouling the roof and polluting the surroun¢ 
placed on the roof and at the end of an exhaust pipe is 


as an exhaust head. 
On condensing plants, exhaust steam separators and ¢ 


lMpowsible to open the valve so as to let only water escape. 
ent the steam from escaping and at the same time permit 
10 he discharged to any desired point having a pressure 
(he «team, automatic steam traps or condensation-control 
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appliances are employed. Steam traps, in fact, are W 


CLASSIFICATION OF A FEW WELL-KNOWN STEAM TRAPS 
in practically all plants. In some of the older plants, 
































Johns-Manyille. 
sentinuously. Se d to the be Floatesy Gee i's» Mcpaae 
were sutomatiaaay oe 4 aye the nodal plants are Bucket......... Acme. 
loop or Holly loop, bu Kieley. 
evices. ; . : Dump.......... Bundy. 
. Low-pressure drips, if contaminated wn ay , ee 7 Morebead. 
waste directly or through the agency of stea 7 A | Columbia. 
Expansion....... Geipel. 
Fluid: 0... | rl 
Sarco. 
2 Differential...... Flinn. 
& Siphon 
i Trap igure 505 shows a section through a Johns-Manville 
3 : é Miting one of the simplest types of float valves. The float is 
A 7 af | wud free to revolve in any direction, and acts as the valve 
18! 5 E \E& hon wompletely discharged, the unbalanced pressure in the body 
; le : lis fi holds the ball against its seat. Water gravitating into the 
sit e@ll lies the ball off its seat and is discharged through the orifice by the 
)) tire acting upon the surface of the liquid. This process con- 
Hl the level in the vessel once more brings the ball in contact 


Fie. 504. Returns Tank and Pump, y “. 
Ji\_2 
4 


Jie Manville Trap. Fia. 506. Typical Lever-float Trap, 


is pure and fit for re-use as feedwater, it is usually a fe 
feed system by the same means. Where large quanti 
be handled, some type of pump is preferred to the trap ®) 
297. Steam Traps. — Automatic steam traps omy 
several classes, depending upon the service for va . 
(1) return traps, in which the water is, returned Gree 





' A «nue glass indicates the height of water in the chamber. 
) Hiietrates o float trap of the lever type. The rising and 


cn fit opens and closes the valve in proportion to the rate of 

: densation 

-return traps, in which the con , : : 

ny * i havthiy. Tees than boiler pressure. ‘They Mm | !yape are well made and proportioned, there is a danger of 

pi Paid ding to the steam pressures involved as (a) P Mean leakage through the discharge valve, due to unequal 
ed_ ace 


Valve nnd seat and the sticking of moving parts. The discharge 
: ing to the principle of operation, fap ie usually continuous, since the height of the float, and 
into five types according IL. the aren of the outlet, is proportional to the amount of 
I. Float. IV. Bh Whon the trap is working lightly, this adjustment is apt 
Il. Bucket. V, Differential. free and create such a high velocity of discharge as to cause 


low-pressure, and (c) vacuum. All of these classes 
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ton Traps. — Expansion traps may be divided into two groups: 
1) which the discharge valve is operated by the relative expansion 
, Wad (2) those in which the action of a volatile fluid is utilized. 

jo traps will never freeze, as they are open when cold and all 


a rapid wear of valve and seat. This defect is more or : 
steam traps discharging continuously. For this reason 


i adi laceable. 
uld be accessible and readily rep 
Bein Traps. — Figure 507 shows a section through # 


a ii ains out before the freezing temperature is reached, 

Acme” steam The water of condensa 7 wa Haje of this type have little capacity for holding water, 5 to 10 ft. 
at A, filling the sp Hwuld be provided between the trap and the pipe to be drained, 
bucket E and the walls of Hel (he condensation may collect and cool. 
causes the bucket to float ' M1) shows the general appearance of a Columbia expansion trap 
V against its seat (valve the valve is operated by the expansion of metallic tubes. Water 
being fastened to the bue 1) (ho trap through the opening marked “ inlet,” passes through 
When the water rises ADOY 1), (hen downward to the main body of the valves and back to 
the eee , een alive (', Below pipe O and parallel to it, is an dron rod S, at the 
bucket to sink, 


: his the support or fulcrum of lever R. The lower end of this 
‘ceil i Fy Hieeled to the stem of the valve C, so that any movement of 
igre a ) HomMmunicated to it. When the trap is cold, valve C is open 
in the Da fey of condensation passes out. The moment steam enters 
an san i Hii expands. The amount of expansion is multiplied several 
G. en the 

Fra. 507. . Typical Bucket and closes valve V and 
Ortrs By closing valve [i the 
and the condensation blows directly through peas (| | 
The discharge from this type of trap 1s intermitten i 
Dump or Boul Traps. — Figure 508 shows an 
bowl trap of the “ return “4 design. The water enters 
cated, passes through trunnion T and rises a 
until its weight overbalances counterweight ; 
W and the bowl sinks to the bottom. As Aw 
the bowl sinks, arm A, which is a part of the 
bowl, rises and engages the nuts N on valve 










r wz [pa 












Ty pion! Expansion Fie. 510. Geipel Expansion Trap. 
Dever 'l'y pe), 





ZH 


fetion of the lever R, so that the movement of the valve is 
| than the expansion of the pipe O. The compensating 


val Peiite the brass tube from damaging itself by excessive expan- 
stem S and opens valve V, thus admitting 4 permits the trap to be blown through by hand. 

live steam pressure on to the surface of the } shows a eection through a Geipel trap in which the valve is 
water. The trap then discharges like all ‘y by the expansion of two metallic tubes and the move- 
others. After the water is discharged, weight C' (lows Multiplied by levers as with the Columbia. The lower or 
W sinks and raises bowl B, which in turn ne ih H/11:le# the inlet and is connected to the vessel to be drained; 
closes valve V, and the cycle begins again. fy << Hi) pipe is the outlet for discharge. The two pipes form the 
Air valve E is for the purpose of equalizing PON | 


flee Uriangle, the base F of which is rigid, while the apex 
} ive in a direction at right angles to the linear expansion of 
wn cold, the brass pipe is contracted, and the apex, in which 
te plaved, is moved down so that the valve is open and the 
(1, As soon as steam enters the brass pipe, the latter 
the valve seat against the valve. The trap may be 


the pressure in the chamber immediately ae : 
discharge. This valve closes just as hpi Fio, 508, 
opens and conversely opens when uM 

closes. The air valve 1s vented to t vf pe! 
atmosphere, Bowl traps are necessarily in rt 


charge. 
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adjusted for any pressure by means of the lock nuts 4, — 
to blow through, the valve may be operated by h 
lever. } 
Figure 511 shows a section 1 
silphon trap, illustrating the 


Wf the diaphragm is then equal, the short column in pipe #, 
(he spring, balancing the pressure of the longer column in 
Avy further increase in the height of the water in pipe 
Hoprewsion of the valve V, which allows water to escape until 
H} haw fallen to a level a little below the middle of pipe /, when 


in which the motive power is floes again. This action is repeated at intervals according 
volatile fluid. This style of Hilly of water entering the trap. So long as the water keeps 
paratively low pressures only, miiliolently large quantities, the valve remains wide open. 

supplanted all others for It Yrops. — Figure 514 gives a general view of a siphon trap, 


The bellows is formed from 
piece of metal and is filled 
volatile fluid or vapor which } 
Fia. 511. Webster — tively low temperature. 


Wiel used in draining low-pressure systems, as, for example, 
) 1) un exhaust-steam heating system. It consists essentially 
4 wad B, which may be close together or any distance apart, 
Wiha of which must be sufficiently great to 
Silphon Trap. is contracted and the valve is lime, acting through pipe J, from forcing the _, 
the temperature for which the silphon is designed is me. Cis : tet pit extending to the air to ‘sry 
et cad thedure id f Wiing; O is the discharge for the condensed 
extending the bellows and forcing the ——vaivesteade b ilinary operation B is filled with water which 
Dc atsat iad baw. When teal ee ) bverflowing, and A with steam and water, the 
perature drops, owing to the cooling of ii), | ali f® i both legs being equal. The siphon trap 
the condensate, the pressure in the ne 





“Vent 
Outlet 
Pr 0 












fur low pressure only, as it requires approxi- 
silphon is lowered, the Jam fi of vertical space E for each Ib. per sq. in. H 
bellows contracts and ‘Fra, 512, the pipe. Allowable head is represented by H 
Ms the valve opens. ; od 
Figure 512 shows a section thre jmible, a trap should be located so that the : 






\ 


trap which differs from the Webster 


H Will flow into it by gravity. This willinsure 6 ¢ — 
ting fluid (a heavy hydrocarbon 


Ing 





SS 






2 mu, Sometimes, however, the coils, cylin- Fic. 514. Sim- 
4 silphon bellows. This device is Wil i) be drained are located in a pit or trench or -Ple_ Siphon 
up to 200 lb. per sq. in. ‘ wit floor where it is impossible to set the trap Tam 
Differential Traps. — Figure 518 ve the drips by gravity without placing it in an inaccessible 
tion through a Flinn differential t i very low pressures this is often unavoidable, but with 
water X acting on diaphragm DP ole wi f |}, oF more the trap may be placed above the point to be 
water entering pipe #7 and the salt # !/4p Is eet in an exposed place, a drain should be provided 
equalize column X and open the point to free the pipe of water when steam is shut off. A 
the action in further detail, the W ® wrainer should be placed in the pipe leading to the trap 
— 7 enters at A, fills lower chamber Iv, olo,, from reaching the valve. All pockets and dead ends 
Sees receiving chamber C up to the fel, and no condensation should be allowed to accumulate. 


pipe Z. This column of water 
side of the diaphragm D forees the 
against the counter pressure of 
additional water that enters the trap overflows thre 
chamber F and pipe £ to a point about midway of 
effect of the column of water in pipe X is b 


; Hi “i Nae jvewure drips should be kept separate. All tanks should 
1G. : it 

ial Trap. | i i 
erential Trap l'ho traps previously illustrated, with the exception 
1 in Vig. 508, are of the non-return or separating design 
| primarily to discharge the condensate to any vessel 


low than that of the actuating steam. In order to 
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veturn the condauambaiio the boiler or to remove it from HOnsisting of one horizontal and two vertical | et 
en, 


vacuum, it is necessary to add “ equalizing” valves TOP Ba Indicated. Pipes hs of plain pipe 
admitting high-pressure steam when the trap is ready Mi uncovered, as 6 Hes a aid sf covered, but “ horizontal ” 
for relieving the pressure after the water has been @ Pillows: at of a condenser. 
valves are usually incorporated in the design of trape 
service. Figure 515 shows the basic principles of & 
trap must be placed 3 ft. or more above the water ling 
that the water may gravitate to the latter. When enij 
vented to the atmosphere and is ready to receive the | 
return line A. If the pressure in the return pipe is nob 
the water into the t 
ct Pues Ser li non-return trap must 
this result. Water flows 
trap until it reaches th 
when the equalizing | 
ae Tae ; vent to the atmorp 
boiler steam into the } 
As soon as the hem: 
the discharge pipe 0, Bf l= 
live steam in the trapy | 
the pressure against él e 
water will gravitate If ; Ww, n10 
the end of discharge, 
ting mechanism shute 
and opens the vent (0- 


rs its f The i 
Circulation is first started by opening stop valve @ a 


wf the drop leg until steam 
ad escapes. The valve is th 
~ fm in the horizontal A condenses and gravitates Aoi 
fi) necount of the slight reduction in pressure in the eciaicaiad, 
? 





Equalizing Valve 








U 
General Arrangement of the Simple “Steam Loop.” 


Fig. 515. Return-Trap Installation. 


i spray and steam flows fr 
‘ om the separator cha: 
iil, condensing, gravitates to the drop leg. The oe 


and the trap is in position once more for receiving Jpop log rises he 4 
return line. The check valve C prevents the water f the Ae R Kon pom ape! balancte she dita 
back to the return pipe while the trap is discharging, Words, « decrease in pressure in ehh hort 
When extracting condensate from a vacuum chamber, i Gontonts of the riser and dro % orizontal produces similar 
placed so that the water will flow into it by gravity, Mi tholr densities, Any nba iy eg but in a degree inversely 
actuating mechanism opens the steam valve for adi as from the bottom of the FEIN a» causes an equal 
which in turn forces the contents out of the trap thie he bollor is then less than that Peck to the boiler, since the 
valve. When empty, the mechanism returns to the fllin BIHAN prossure on the top of th at the bottom of the column; 
the steam and discharge valves and opens the vent to the la wronter than the pressu e supe column plus the hydro- 
The condensate then gravitates into the trap as before, SP eontinuous and aii ar tad rt the boiler. Once started, 
The steam loop, Fig. 516, while a practical means of Seay |x wn application of the te - attention. 
pressure drips to the boiler in small plants, is little used ® points requiring drainage eke ee ie vio 
3 number of the 


annoyance in starting up. It is of academic value, 
how water may be returned to the boiler without the 
or injector, 

In the figure the loop is returning the condensation [or 
tor to a boiler above the level of the separator, The ¢ 


Hploying this system of returning high-pressure drips t 

tie has been practically discontinued in the einai cia 
#ation, In the Holly system, all condensation is coll tod 

Yeewlver placed at the lowest point to be drained The 
lwrwe cylindrical tank located at considerable height 








oo 
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above the boiler room and connected with the ood 
a reducing valve. A a yume boiler ¢ 
a drop leg leads from the ‘ | 
pasted iovel. In starting up, a valve in be. ee ne 
is opened to the atmosphere until there is . con ata " 
water entrainment from sity seca re 3 ‘= 
xeding the upper 
clone aa ay oa maintained in the " ly ave shown in their lowest position ; the supply of compressed 
charge chamber sufficiently gh | that * er : wit — the ile an seen the vessel is open to the 
, . steam an © sewage gravitating into the 
path of 6 ee the discharge tank. The steal # the bell C, which in turn actuates 
a. “d Calis through the reducing valve into ti0 valve EZ, thereby closing the con- 
=? the water collects in the be ween the inside of the ejector and 
charge tank and in the ¢ jiere and opening the connection 
head of the steam and WaAlet Miipressed air. The air pressure 
overcome the resistance of ) Mntents through the bell-mouthed 
in the boiler. The prindly | the bottom and the discharge valve 
are exactly the same as iti Me iain sewer. Discharge continues f 
The process is automatié Wyel falls to such a point that the \ 
long as the plant is in ope the wowage retained in the bell D is N 
Figure 517 gives & @@ t pull it down, thereby reversing i J*® y 
the *‘S-C” high-pressure ¢ tie valve. This cuts off the supply on nail 
troller as installed _ ro (| wir and reduces the pressure to 
Waukegan, and Philo station Alinonphere. 
in principle to “S-C" f Hens of the bells are so adjusted that compressed air is not 
described in paragraph 20%, WH! the ejector is full, and is not allowed to exhaust until 
condensation gravitates (0 1) flo the discharge level; thus the ejector discharges a fixed 
ing tank and the fluctuation H) time it operates. 
a balanced valve in the disel i, each of a capacity suitable for handling the . average 
the agency of the “8-C ¥ j/Ary Mowage and so arranged that they can work either inde- 
the return lines are too lor ' WY together, are usually installed at each ejector station. 
Fic. 517. “SC” High-pressure 14 central receiver, a smilill 


bin gives a sectional view of a Shone ejector of ordinary con- 

I consists essentially of a closed vessel furnished with inlet 
Hiree connections fitted with check valves, A and B, opening 
I «lirections with regard to the ejector. Two cast-iron bells, 
FP, wre linked to each other, in reverse positions, and their rising 


# vontrol the supply of compressed air through the agency of 
Valve LF. 













































Fic. 518. Shone Ejector. 





: multary sewer of the building usually discharges directly 
Condensation Controller. placed near the condensation Ww, the surface water, drips, etc., being collected in a neigh= 
aratus is compact and requires but little poem ii 6 Tho latter is connected to the sanitary sewer through a 
ssi the power plants of tall office buildings, the publie Rater valve, 


above the basement level, and it is necessary to remove 
yo pneumatic ejector, which is in principle a fle 
found to serve this purpose effectually. This phen 
pit in the basement floor into which all nownge, ¢ re " 
ings from boilers, and ground water gravitate, an 
charged into the street sewer by means of compressed 


Their Selection, Installation and Upkeep: Power, July 11, 1922, 


ttutlation and Operation: Power, Oct. 9, 1923, p. 573. 
" Trapa: Jour, ASH. & V.E., Mar., 1923, p. 79. 
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298. General. 
use the least piping po 


balance, and at the same 
different apparatus and piping wi 


portion of the 
service for which 
of prime importance, 


the 


and fittings, 
pumps, etc., an 
fittings; 
installation to 
respect may be 


the pi 


— The main 


b 
not be sacrificed for economy 

While pipes, fittings, an! 
there is no standard sy 
fied layout of each power statio 
the piping must be arrange 

The engineer usually specifies th 
furnishes drawings sho 
d indicates the appr 


but, as a rule, 


gained from the 
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“nn because of the 
greatly reduced ultim 
ate strength and yi 
yield 


i Steel. — The greater i 
ae portion of the piping of 
hack pete - open-hearth steel raat ae ie on aa 
Se hetrcae hee of material. The tubes ar i ater 
aie ed, riveted, or seamless-drawn d : ese 
e service for which they are tendo Mm 
: rought- 


an 


Wrought Steel Pipe 
re, On, 










ue 


object in any steam 
with the req a 
de facilities for 


thout in 


ssible, consistent 
time to provi 











station is intended. Simplicity 
ut safety is the fundamental requ 











. 


valves have been pretty 
f piping arrangement bee 
n. Each plant is & ep 
d to conform to its specific 
e make, style, and alae 
wing the location of t 
oximate location 
the exact details of 
Some idea of ¢ ww 
piping specifications 


d 
stem 0 
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graph 874. 
‘A detailed analysis of the design, installation, and F 
various kinds of piping systems in power plants is bey ao. ue eeu pen? 
this book, and the reader is referred to Steam Power Plant Meot of High Temperature on the Physical Properti 
by Wm. L. Morris, McGraw Hill Co., Publishers, for @ of Wrought-steel Pipe. spade 
299. Materials for Pipes and Fittings. — An inspect ) pally all requirements for 
in Fig. 98 will show that there is very little differende Seiperature on har * general service. See Fig. 98 fo 
strength and yield point of the various metals used in © Wrotightentoe! pi > ultimate strength, tad hae : 
pipes and fittings for temperatures between 70 and 450 ¢ Rerialn grades a : material. Pipe couplings, virtua * 
450-500 deg. fahr., the ultimate strength and yield point Reaichoarth stool orged-steel flanges are also mad ; eel 
the rate of decrease varying widely with the character aw "lee 
ratures up to 450 deg, fahr. no att ‘ ; en aa on and Seamless Steel Pipe: Am. Soc. T 
) AGG, Pr 216, : . Soc. Testing 


Therefore, for tempe 
e 
dern central station involving temp 


to the temperatur 
parts. In the mo 


fahr, an 


d in certain 
are pot uncommon, 










factor in proportioning the thick 


industrial plants where tempe! 
h 
( Iron is desired an order calling for wrought-i 
ght-iron 


the temperature clement is ant 
700 


= 

















































¥ PIPING AND PIPE FITTINGS 709 
708 STEAM POWER PLANT ENGINED 


ipe will ordinarily be filled with the steel ae 
aa is softer than steel and welds more ro . 7 
somewhat lower. It is commonly used for He oo 
extent for water, gas, and steam plpes, but i oa 
high-pressure steam piping. Wrought-iron pipe 
steel under certain conditions: 


A.S.7.M. Specifications for Seamles 
Boilers: Am. Soc. Testing Materials, 


Meel. — All fittings, valve bodies, and cast-metal manifold headers 
ijlorn high-pressure high-temperature plant are made of cast steel, 
wr alloyed. The ultimate strength and yield point is high even 
Mwlures of 900 deg. fahr. and there is but little permanent set 
ontinued service at a temperature of 750 deg. 

Iron and Semi-steel. —Small screwed fittings and various 
MiMpanion flanges are frequently made of malleable iron, which 
hotween cast iron and cast steel in its composition and physical 
lies, Its tensile strength is about twice that of cast iron and 
Wittle and subject to breakage by a sudden blow. Semi-steel 
ive of mild-steel scrap and pig iron with a small quantity of 


> 


s-steel and Wrought-iron Haile 
Standards, 1921, A52, p. # 


Cast Iron. — Companion flanges, valve bodies, 


special fittings are made of gray cast iron wre or other special flux and it is used for larger-sized valves and 
Ib. gage pressure and ene up 4 oe as Which close grain and strength are needed but in which the 
: water an q 


commonly used for underground 2 oo 


wus Materials. — Copper, brass, bronze, and monel metals 
Hielpal non-ferrous materials used for valves, fittings, or trim- 
fi valves and fittings are used where salt water is to be handled, 
Ho resistance of this metal to the corrosive action of the water, 


90° Elbow 48 Elbow sy i) evidence in steam lines, except for low pressures and tem- 
Ml then only for pipe sizes under 6 in. in diameter. Monel 
Bie. ime of its high tensile strength at high temperatures and high 
paaaet pe \ Mitel erosion and corrosion, is used almost exclusively for the 

7h = Hiiings of superheated-steam valves. 
; SS ® wore in common use for steam for many years in marine 
me See ¥ Branch Hunt of their flexibility. To increase the bursting strength, 

or 


1 th, in diameter were generally wound with a close spiral of 
Hposition wire. In recent years wrought-iron and steel pipe 
fwwlloally superseded copper for flexible connections. As a 
Wf Pepper pipes should be avoided for high temperatures, on 
# Mpid deterioration of the metal under temperature and 
i”, ‘The cost is prohibitive for such purposes and this alone 
Tom being seriously considered in the manufacture of pipe. 
i) Joints are occasionally used in low-pressure work. 
Ie wed in the construction of steam pipes except for certain 
Fes, On account of its high cost. It withstands the corro- 
Hf Hid moisture much better than iron or steel and is some- 
Meinecting the feed main with the boiler drum. Special 
Heel, ferrosteel, malleable iron, and the like have been 
\ifnoture of pipes, and possess points of superiority over 
| stool for some purposes, but the cost is prohibitive 
Applications, 

pipes and fittings resist ordinary corroding agencies 


with certain industrial proaies where ee 
uld be excessive. e chief ¢ 

ne steam are its weight, low tensile pte iV 
While the tensile strength and yield point rl a 
peratures up to 1000 deg. fahr., it has been ped 
in actual service, when subjected to continued ( a ~ 
mately 450-600 deg. fahr., takes a Veen pgp eee 
return to its original volume when cooled, a og 
steam piping systems of the modern high-pres#u 


Standard Specifications for Cast-iron Pipe and Spocial 
Materials, Standards, 1921, Ad4, p. 836. 
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more readily than the bare metal, but the coating is rap 


mine-water, tunnel gases and sea-water. 
Lead-lined and lead-covered cast-iron, wrought-stecl, | 

are used where internal and external protection against 

salt water, and the like is essential. Tin-lined brass pI 


for this purpose. 


Protective Coatings for Pipe: 
Properties of Metals at High 
Power Plant Hngrg., Aug. 1, 1924, p. 801; Power, 


Bul. No. 8 C, 1922, National Tube © ; 
Temperatures: Trans. A.S.M.B., Ve ‘dg | VVRO4S 
June 24, 1924) fh 


al Pipe. — Wro 


300. Size and Strength of Commerci ly 
Those mont 


steel pipes are marketed in standard sizes. 
in steam power plants are designated as 


Merchant or standard pipe. 

. Full-weight pipe. 

. Extra heavy or extra strong. 

_ Double extra heavy or double extra strong. 
. Large O.D. pipe. 

. Hydraulic. 


oorPwn- 


Table 88 gives the dimensions of standard full-welg) 
specified by the nominal inside diameter up to and ingl 
based on the Briggs standard. Wrought-steel pipes 
are designated by the actual outside diameter (0.D,) 
various weights as determined by the thickness of metal 
facturers specify that “ full-weight ”’ pipe may have # 
cent above or 5 per cent below the nominal or table we ; 
pipe, which is the standard pipe of commerce, such ii 1 Be ERE RSVR EMEA DSOSRSSOH 
jobbers usually carry in stock, is almost invariably wilt | RS: th 
weight. It varies somewhat among the different milla, Bk | wimigieses tlt a 
between 5 and 10 per cent under the table weight. 
merchant pipe, 1/8 in. to 3 in., are butt-welded and th SS6Srne 


lap-welded. 
Extra-heavy and double-extra-heavy pipe have the y | BSBi 








diameter as the standard in order to accommodate pi nisin soahes 

but are of greater thickness and hence have a smaller : ASAIN Pe hoOre sae 

Taking the thickness of the standard pipe as 1, that of ji ‘ GEFPSSSERSSSSsa: SaaSSSSSe-| 
MMO ed WotR OO OKC roe 


is approximately 1.4 and of the double extra heavy 2.8. 
Hydraulic wrought-steel pipe is constructed only in 0 


inside-diameter pipe sizes. 
When it is desired to have the inner surface smooth, 


and drifted.” 







OMA MIMIG — eigen 
en a Toy a BS an 
| | wmmenevosaang 


12 
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commends the following ¥ 
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The Crane Company re 
































the proper weight or thickness of Bessemer or 
steel steam piping to be used in power plants. TABLE 89 
= Hoth 
Pp = 2 E(t — 0.08) + Fd WONKING PRESSURE FOR FULI-WEIGHT AND EXTRA HEAVY 
in which STEEL PIPE wrovucutT— 
(Crane Co.) 
P = working pressure lb. per sq. in. gage, —— 
E = elastic limit of the material at the temperature ill-weight Extra H 
t = thickness of pipe, in., i as Se 
F = factor of safety = 4 for lap-welded and 5 for h iki "eee ae ae 
d = outside diameter of pipe, in. Size | Weight| sure | Size! Weight Preseurs PR ins 
1Z i 
The values in Tables 89 to 90 are based upon L. BWR a 
21,600 Ib. per sq. in. as the elastic limit. This is the —|—— pat heb i L. ie 
deg. fahr., which covers most commercial installation 5 /14.62 | 345 | 2] 1.09 | 69 2 eee ee 
Tables 89 to 89b give the safe working pressure i 4 oe ae Hy $| 1.47 609 : nf 573 
strong, hydraulic, and large O.D. pipes. Table 90 v 8 [24.70 | 246 h re 650 7 38 OF a. 
. ? 8 [28.55 ¢ | oo 
to be used for various pressures, as calculated from tj is | 9 [33°97 pote 14 | 3.63 | 546 | ||! ; br 4 526 
tables may be used for all temperatures up to and ine vf 10 /31.20 | 200 2 . ps 627 | 10 |54.74 ri 
Standard full-weight wrought-steel pipes aré Ti 4 i" ou a 3 10.25 | 543 be. iH 60.08 386 
lengths varying from 12 to 20 ft. with plain or (iN . Ms 1 45.56 271 rt Hed) ++ | 643 y-MGs) 0 
strong and double extra strong pipe is shipped in ; a ok an 43 117.61 | |. os 
plain ends unless otherwise ordered. Lineal Fi a RO NT MRR SiC IIS 
Tables 88 to 90, inclusive, apply only to standard Welton Pressure, Lb. per Sq. In. Gage. 
pipe. Standard welded wrought-iron pipe has & thie L. Lap Welded. 
steel pipe and consequently a smaller internal diam 
are seldom used for steam pipe lines but are much it TABLE 89a 
heaters, dry pi WOKKING Press 
, dry pipes, he ae a 0. D. WROUGHT-STEEL PIPE 


cation of steam boilers, super: | 
Riveted steel pipes are commonly used for Wi 


s and to a limited extent for hig 
kinds of pipes on the market, de 
that no attempt will be made even 
d to the various publications | 
Pittsburgh, Pa., for denorly 


aS eb A eee a ER 


Thickness, In, 


grates. 
pressure steam line 
There are so many 
field of application, 
and the reader is referre 
Tube Co., Frick Building, 


wy | 276 
vid | 258 
tu 2 
in/ 07 
iW? | a6 
i | ion 
i | ind 
wm | 176 

mo] ot 
wy | Cid 
1s 

Pil) 


Estimated Fabricated Pipe Costs: Power, Mar. 16, 1926, p ay 
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Ponnections. — In erecting a pipe line, the different lengths 


Joined to each other and to the various fittings by threaded, 
ed, and welded joints. These joints may be applied to any 
, the particular connection best suited for the purpose depend- 


# "ize and material of the pipe and the service for which it is 
Vipes with threaded ends 


TABLE 89b 


URES FOR HYDRAULIO 
ABLE WORKING PRESS 
ALLOM (Crane Co.) 


Pxternal Diameter, 
In. 










may be joined together by means 
Nt couplings, Fig. 521 ; (2) nut unions, Fig. 522, which are 
Size 
§ 4 
Var eit __ ASN 
11 3 462 
12 
12 ¢ 


ri 


SS 





i a 





TABLE 90 


TO BE USED ON VATHO 
R THICKNESS OF PIPE 
vanrey LB. PER LINEAR FT, ‘ 
(Maximum Temperature 700 Deg. Malin) 1) Wrought Coupling. 
(Crane Co.) 





Fig. 522. Malleable Nut Union. 
fie sizes of 3 in. and under, and (3) flanged unions, Fig. 525, 

Pressures , RS : 
Wrought couplings are often used where runs of pipes are 


utile available or where cut pipe is used, and the nut and 
W Where the | 


lon 


3 
al 
. 











ast fitting is made up and where the joint may 
F F x % ' mr, Bolted couplings are used invariably on pipes and 
F F = X Niiwed ends. Bell-and- 
' 3 x % , Vig. 528, calked with 
F ie eS xX * packing, or cement, 
4 : a x wily on water and low- 
F yell Pika % ; Hien, This type of joint ; : 
P FE *X Ph. : Fia. 523. Bell-and-Spigot Joint for 
ry | F |x x Ii to permit slight “Oy Pipe (A. W. W. Standard). 
F Fr > + Wi the regular alignment 
oy eee x HWhout the use of special fittings and bends. This feature 
33.9 | X xX leairable in trenches which follow the contour of rolling 
re | . yy or which have not been leveled on the bottom. There 
43.8 | 49.5 | X typen and designs of joints on the market that it is im- 
7/46 | 1/2. | 9/16 ver the subject in a work of this nature, and the reader is 
7/16 | 1/2 | 5/8 ! ci wdpres» 
7/16 | 9/16 oe feiled study to publications issued by the National Tube 
ia ve 1 - core Rhee Pa.; Crane Company, Chicago, 
9/16 | 3/4 | : mipany, Chicago, TIL; 
5/8 | 3/4 | 7/8 


3/4 | 3/4 | 7/8 





and other pipe manufacturers, 
the joints commonly used in steam power plant service 
hed in this chapter, 


Hone and fittings should be designed in accordance with 


* = Wullew 
F = Fullwoight, X= Extra strong, XX & Double extra strong, * 
+ = Should be lap-weldod, Hi» Hydraulic pipe 
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established standards, ‘The “ American” standards, | 
the A.S.M.E., are universally used in this country for 


connections and fittings, but there is no single 


The American Waterworks Specifications are used 
pipe, and 





























TABLE 91 


LENGTH OF THREAD ON PIPE 


(All Dimensions in Inches) 
American Standard 
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6 Threads — 5 5 
a Institute § dail 
@ . on, 
Mei read gas pipe, ‘Threa rf Sect Length of 
Screwed mre 
details of the i 
a 5 13; 
F : Standard ‘ 6 u 
0 Pitch Dia. for Maxim ° 5 
ie oe ey Pitch Dia, Fig. 524, ‘ H 4 Me 
cies Vol. 41, 1910, e 9 - 
as 1 
Minimum Pitch Dia, of the pipe . ° 12 iu 
Tones aU 
Abwve dimensi ee q < 
Fro 524 “American Standard” Pipe ar f the | imensions do not allow for variation in tapping or threading. 
with the ax Pwnections. — Figure 525 ill 
su illustrates some of the more com- 














Thread 
and the 


amount equal to 0.033 of the pitch (P). The dep 
therefore, is 0.8 P. The length of the thread and oth 


determined from the following rules: 


A=G-— (0.054 +11) P = t is 
B = A + 0.0625 F pe 
E = P (0.84 + 6.8) * 
in which 
A = pitch diameter at the end of the pipe, in, " | 
meh LD 


G = outside diameter of the pipe, in. 

P = pitch of thread, in. 

B = pitch diameter at the gaging notch, 
F = normal engagement by hand between male and fe 


E = length of effective thread. 


The maximum allowable variation in the commert 
turn plus or minus from the gaging notch when using 
The length of thread screwed into valves or fittings 
a tight joint is given in Table 91. : 
When properly made, a screwed joint will hold 
consistent with the strength of the pipe. The th 
often poorly cut and the parts screwed Nogether impr 
lubricated, thus causing leakage between the threads, 


ZZ) 
Li 


Ly 
& 
te 
& 


LiL 


4 

ay 
7 
ZZ 


WZ 

is 
WMO Util 
| | 
Aw 


Shrunk 


E 
SKS-—— NN 
Sax ppeer, NIN 

: oan 


Rolled 


Uys 
= 
Wh, 


LY, 
= 
Zi 


| Z| 
ta 5 Ua 


ft) methods of fitting flanges to the ends of wrought-metal 





Th Mo 


“yr "shaped 


Groove Tips 
for “a 


Sargol 


"ia 625, Types of Pipe Flanges. 


N25, the pipes are screwed into cast-iron or forged-steel 
+ faoow, with metallic or composition gasket between, 
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are drawn together by bolts. A illustrates the Ww " 
pensive of flanged joints, and requires no special t¢ 
up at the place of erection. It gives satisfactory 
100 lb. or less, but for higher pressures leakage {a 
tween the threads. ‘he flanges are sometimes ™ 
and a recess which can be calked with soft metal, 
with the pipe screwed beyond the face of the flange i 
together, either plain or as shown in B, which is ‘ 
female, or hydraulic, joint. This method forma a 
since the ends of the pipe bear on the gasket, and th 
from being blown out. An objection lies in the dif 
line to remove the gasket or replace a fitting. © in 
as the tongued and grooved joint, which uses an Ox 
Such flanges may be subjected to severe strains wh 
up, owing to the small area of contact. Metal ¢ 
since soft material is apt to be squeezed out. In @ 
are peened, which is an improvement over the aim 
illustrates a shrunk joint. The flanges are bored ff 
forced over the pipe when at a red heat. After coo 
over into a recess on the face of the flange and @ Ih 
both. H shows a modification in which the hub i 
E illustrates a joint constructed by rolling the pipe 
the flange. The end of the pipe is then faced off flush, 

A very successful commercial joint is illustrated by 
the lap or Van Stone type. The pipe is expanded 


shows the Crane Company design for pressures up to 800 Ib, and 
lp to 750 deg. fahr. It will be noted that the full thickness 
hoen maintained at the end of the pipe. The Sargol joint, 
Which is used in a number of stations for pressures of 400 to 
, (liffers from the usual design of Van Stone joint in that no 
| and the joint is sealed by welding the edges of the pipe lap. 


Meyol Joints: Report of Prime Moyers Committee, N.E.L.A., T5-21 
Power Plant Engrg., Aug. 15, 1923, p. 819. , 





) Crane “Full Fia. 527. Screwed Flange Coupling 
Whiews Lap.” for High Pressures. 


Hows o flanged joint suitable for small pipes in which a very 


ls to be carried. This is only applicable to double extra 
lel pipe or heavy seamless-drawn tubing. 


light cut is then taken from the flared ends to insure fondueted by the M. W. Kellogg Co. show that the ratio 
flanges are loose and permit of considerable flexibility Hiternal hydraulic pressure necessary to keep a joint tight 
through various angles. Soft steel, copper, monel ' lee than 12 to 1. In order to maintain a tight joint with 
various types of prepared asbestos gaskets are used iy of 400 lb. per sq. in. or more, alloy-steel bolts must be 
very high steam pressures and temperatures up to WW the customary mild-steel bolts. 

pure, soft-annealed, aluminum gasket appears to givé Minections for wrought pipe should be proportioned in 


Pipes with flanges welded on the end, as in G, wre 
central stations for high-pressure and high-temperature 
are ordinarily raised 1/32 to 1/16 in. inside the bolt he 
steam-tight fit, so that thick gaskets are unnee 
groove faces are also used for high-pressure steam M6 

For ordinary pressures and temperatures, any of th 
made will prove satisfactory. For extremely high p 
peratures, Van Stone joints with full thickness of 


1) the American Engineering Standards which have been 
Atverican and Canadian manufacturers. Dimensions for 
swiclard for various types of standard, low-pressure and 
fivon fittings and connections for pressures up to 250 Ib. 
Hine 2-8, American standards for flanges and fittings at 
jemmures of 250, 400, 600, 900, 1350, 2000, and 3200 Ib. may 
fi the Secretary of the American Society of Mechanical 
Mth St,, New York City. The Crane Co. recommenda- 
hammer-welded joints, are standard practice, In bolting and flange facing for 400-600 Ib, steam workin 

of Van Stone joints in use, the flang®® themselves an te found in the Report of Prime Movers Committee 
variety of ways but the basic principles invo Part A, p. 38, . 


‘ 
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TABLE 92 
AMERICAN FLANGE STANDARD 







































STEAM POWER PLANT ENG 


aco 
AFLASSREAZ 
sen 


AOD OD et et ret Mie 


SSSANaaateae 
SOnnnAR AAS 


TACgRan ene 


AN A100 09 SH HO OD 


(On Chord) 


We: 





aa oleesnechwenitele - 


= » 





Stress per 

Sq. In. on 

Bolt Metal 
264 
412 
438 
486 
750 
1093 
1488 
972 
83 
1016 








Oo 
- MONON 
cE SSaRRRR Ben 
a ocoooocoe 
ies ES -deroje o}o.njeo niet wie 
8 
= a 
ye EB SHH HH Ht Ht HO iw 
Za a 
eee a enone oni’ wiv , 
Asko 4 
a he 3 
eo8e @ | etc, ere — 
<> 
Li © - 
See an Pane hays eee = 
£82 “ 
Lu @ 
ee ~foonttasee . 
ASE, 
a 
an 99 20 xt 
oe sean 6gegyy 
ase 
2 
12 r 
aeece Herter eeleeleets ersannan 
Phe on 
see 


one 


u 


0.30: 


gf 4 ! i: 
i qagsaquaang aoe 
o 





en en on Bin 


Pernt 


Hesar 


ANN 5 os Be Boe oe | 


THEE SII FSSRR 





wen elo 


Tee 
_ 


yoy 





PIPING AND PIPE FITTINGS 


SRERES BARES 


be oe Be oe el 


BSSNe S8NR4 
RASA Ons Or 





OOonne 
CO 09 9 


eeee 





(Se Ae dada ANAANA NANA 
o) 1 OD Phe = 19 09 Ory ONk r~-OoN 
110 WHI OANND MOMOD ar BeaBH 


mot NN 6d 09 9 Nod od CDN 09 09 69 09 oD 09 09 Hoo H 


tleor-joor|corjooroo foo THO rH|00——ilsHra|eHerloocjooesicn —efewursiaocaNen|etcost 
Se oe ae sie oe oe al 





























wud N oon 
RES28 SESSR FLERE S888 
NANAN Nn i=] S . tatoo oD Bs 18 10 10 10 
HBB HAMS SSHLS i919 I 
SSSSSD SOSSS COSCO Henne 
PU CasHea|steaistoaistesiet —enfetta~joorjoo AICO r4]OO mist iinet D/O M/e4aR|O0DI00.n|00 
= al et 
DOWDOO ANNNSO OOS st stot st 
bo oe oe SRRRA AAARA 
SENOS SrHons LIKSY .Hagr 
ec as! col 
Seas FNNANN N OD CY) OD 
19 |00 colt rails rile roa at]00 coh Alt len colt om) alt a] 09] <t y!c0 9/00, 
NN 09 0D OD OD CD Of) OD OD HSH SH HD Ald UD AD CO CO 
ee ee Peeloghere loo let eeteja0> cdetolnsslerdinge 
tt et et Sess NNANANN ANNAN 
Boon AVaoeSl Sebo Sno¥ss 
@ = 
onion len! es oe ee | NANANN OD OY) GYD OD 
BESSs SERS3 sESs8 SSISE 
el > oD 19 oD DO 
bos SHAS BSs5SS SLSSS 
Sen A oe oe oe Be Se oe oe oe | Se ee Oe oe 
ofS sake ante otertaetipertr tec eteoio eden Suajodefeo 
Se Be Bo Se ee | 


RRStS RESBZS SSH 


©eococo Reese tt mt ot 





RBRBS 
te 





ates enete gueen RANARR 








721 





—<——= = 


























oD 
g 
“BUTIS¥S e10J0q su.10}}¢d UT ssoTeMO} 
5 : ITY 8[qvims eyeur pr 
oon poe om ooo so pata como 
iI = £ Sy |s . Li — “SLO NT 
ed | tT) EL fer Ter | rit ie [et [et ie $f [8 jg jx fox jor |e 
i ¢ ¢ 6 Ile I> l€ & z oe 
Seer llkekkkhe hhh tlio 
ere, te le ie. eee ee HB ig ls Tg | can 
¥ € e ¢ ae SS oR a Be tee, oe 
: @ Ve Oe Oz! Oz! 91/ 91] zt} at} at] et] s|s| ele! ¢| + : tif 8}Joq Jo 10}0UreIG 
° t6z & - hes fos fa ce Le 2 aged Bh Flew [oo ie sos ee oe ee S1]0q Jo “ON 
ELIT <O01 16 48 8) yy 89 g g [oq J N 
Z | | fz | 8c tz [atl sy |e Shee TF 1S eee Fee | 88S aes e) 
aI T eOrG | G JEL JEL Er |St STT/87 szylty lary ey f [94119 4JOq Jo 19,0uIeIGgy 
s q T “et Ti? -/2t iz OE nc Wes inesey Oe ; 
5 86 | t08) sz) Feel Fe! ezlfoelEzt|¥9r| et] $1/¥er) t1/For on = 2 fer fe [tt “ eBuvy jo ssouyorgy 
* T 8 |tZ £9 9/¢ & 25} ve! vig -Brongndeeiinne ove : 
& 6] OG] G1) St} 21] 91} Fr] er/Er1! tH} or 6 | s [ez | 2 leo | 9 |- : “‘oBuvy Jo s0;ouren 
=) Ol] 6 i uel noe PM fad DO EE! Orie eye 2 ; 
5 18 | 8 [fz Ifo Ifo | 9 lke | o | ¢ lt | + lee lee |e | ¢ |e lee |e TOONPOE (008) 
Q £25] Fer] for! Ezeltrel eel relerc selects é € #6 14% lf |¥o | ofc sresoyer “ous 
a é #22/€02} 61/F21] ot}¥FT/Fer/¢er} tr\For! 6 les zz |Eo |- oe 
: to tenes (et cata 
s GF) tSh) Chl t6E|t28| Fee] Foz) $22) Foz| FeclerzlEst| gT torlger| $1} erle aes s[es9}8] ‘o0vy 07 raMaQ | g 
raiianat TILT TIZII] 11/86 |2g |--- + +--+ eee eee 
5 YO} onf6 | 6 fs] 8} 2 |t9] 91 9 lee | o le le | = leo le i el Os 
Ei #8} Fe} Gz) foe} veltec/ Excl erie [RY JEP | ee pee | & fee He | & | ---se Be 
. § F2| FIZ} 6I|F9T|¥ST| FI/zeT|Ft1\Zor\$6 | 6 \Eg | : iad PSY P eh) ee 
G2} %0z] $6 Zgqle é 1S jel | L 9} 9 |¥e | ¢ S]j2 sniper Zuo; w : 
=| 10G| f61| 81 rOl/rST} CT) ST} FIT/€0T] Ot] 6 [fs | g lez | 2 go rf ee Bet RIPE Zuo] jo au3n eal gf 
1H 6s] of ch id otietet ec * =|= fr vis ” = 
= - a £2, IZ OS SUL 2 Os cs Se . ates 
Ez =F 
= =e 


1 on f6 | 18) 

1 te 6 We ina re él : 

Z|) 0G) Sil F9T\ STleFT| FT 
i G 0€| 62 


9 
OF SC 





S| + | ¥e| © | #2) Z 





9z | 2 | oz | st |orjet|rtf{at}or] 6| 8) 4) 9) ¢ 


somig 1qsTEIg — “SUNY pesuypT prepurrs 






331 dz3aMs 378N0G 33L d3aMS JTONIS 





33aL L37.LN0 3als 









“113 oF “V1 SNidv¥ ONO 13 L31.LN0 301s 


STEAM POWER PLANT ENGINED! 





GUVGNVIS BONVIA NvOIuaNv 
66 AIdVL 


722 





4% 
woh STEAM POWER PLANT ENGIN PIPING AND PIPE FITTINGS 725 




























Welded Joints. — Autogenously welded (oxy: 
used to a considerable extent in long pipe lines 
temperature ranges but have not always proved 
steam. Several types of welds in which the joif 


TABLE 95 
EXPANSION OF PIPE ¥ 
Increase in Length, Inches per 100 ft. 























} Hf the pipe, in., 
lie of elasticity (average for pipe steel = 30,000,000), 


(Crane Co.) {|| 
sleeves welded on over butt joints have proved ’ | | Shi) esq: =<. ——————————--—-os 
under most severe conditions of use, but they are Mie 3 weoeans = yo 
in the modern steam power plant. The majority 
for Van Stone or Sargol joints for high-pressure 0 0 0 0 

Outlets for branch connections are frequently . oi oa Ban 4. 
offer the advantage of a reduction in the number 0.75 0.80 0.70 1.15 
sizes under 5 in., autogenously welded nozzles ar@ ¢ ees ia Bo ia 
for larger sizes the joints are usually hammer-welde@ 2.07 2.12 1.87 3.02 
ments in autogenous and electric welding are to be exp 4 a iT 12 oo 
statements are necessarily limited to the present (1 5 45 5.65 3 30 5.25 
The Use of Welding in Power-plant Piping: Power, May 4.70 4.90 4.45 7.05 
5.32 5.55 5.07 8.05 | 
6.00 6.25 5.70 9.05 
TABLE: AS 6.72 7.02 6.40 ° 10.17 
THERMAL EXPANSION OF A FRW iE ‘= BS 11.40 
f Standards, Bul. 433, 1022) 8.é 8. .97 12.67 
paantircs be 9.30 9.75 8.90 14.10 
Steel Number 
Composition i: ! 
2 3 ) in length for both conditions may be expressed 
Si .086 23 ly = paL/EA (268) 
1. 
64 68 ly = u(t: — OL : 2 
Ms. ash honey ie ‘Sal ‘025 t= wt; ) (268a) 
( ae ose | 01. | 
Carbon ......... Al : : 
# in length due to pressure, in., } 
Temperature Range, Mean Coefficient of Expansion ) in longth due to the temperature difference, 
ea ie (lifference between inside and outside of pipe, lb. per sq. | 
5.28 beau, | 
77°-212° ........| 6.18 6.18 5.98 p ' y , 
Wie 1b 3 Oe ae 6.95 7.07 708 fron of the pipe, sq. in., | 
°4112° ||... 7.95 8.05 ' } 
77 


| 
302. Expansion of Pipes. — One of the on = |! fey, dog. fahr, (the temperature of the pipe is practically 
; A F rovisio ! the steam) 
design of a piping system is the proper prov 0 : | 
seaatinal due to change in temperature. If ® pipe in fenip., dog, fahr., | 
cold, and the temperature is increased, it will increase ih Mellivient of expansion between temperature ¢ and t;, 


will also be increased by the tensile stress effected by 
to which the pipe is subjected. The increase in 
negligible except for extremely high pressures 
pipe, but that due to temperature may be con 


ivea of the pipe material, sq. in. 


~ A 12-in, extra heavy high-pressure steam main is 100 
(1 (70 dog. fabr.): Required the increase in length when 












































726 STEAM POWER PLANT ENGINE i — iL. 
carrying superheated steam at 250-lb. gage pressure, & 
fahr. ’ 

Solution. —Here p = 250, a = 108.4, L= 1200, | 
= 19.25, t, = 760, t= 70, w= 0.0000096 (interpol 


Table 95). 
Substituting these values in equations (268) and (208 


250 < 108.4 x 1200 : — UCU 

a => teal 
ly 30,000,000 X 19.25 0.056 in., which is 

1, = 0,0000096 (750 — 70) 1200 = 7.8. 


Pipe manufacturers are equi 
are equipped to make special bends con- 
any shape or dimensions to which it is practical to bend oies 





WY bend 


If the expansion of the pipe is constrained, as by 
an axial force will be exerted on the anchors which f 
tensile stress resulting from stretching the pipe at oor 
the full amount of the expansion. This force is indep 
of pipe and directly proportional to the increase of 
well braced throughout its length, the pipe may hue 
torted. The axial force exerted by the tempe 
calculated from the following equation 


P = EAL = EA(t ~ tm 





SINGLE OFFSET 
U BEND 


EXPANSION U BEND 


Notations as in equations (268) and (268a). 


Example 82. — A 6-in. “ extra heavy ” steel pipe 
366 deg. fahr. (the temperature corresponding to #t 
in. abs. pressure); required the axial force ex 
strained against movement in any direction. 


Solution. — E = 30,000,000; t: = 366; t= 60; # «\\ 
polated from Table 95), A = 8.5 sq. in. } 
Substituting these values in equation (269), and sob i 
> —— { 5 


P = 30,000,000 X 8.5 (366 — 66) 0.000007 - 





Wo hnor DOUBLE OFFSET BEND 


- ; be CROSS OVER 
Nig, 528, Types of Standard Expansion Bends. . 


Since the forces produced by expansion are pral 
pipe is invariably allowed to expand and its movement 
' 


unduly stressing the fittings and connections by sows a number of standard bends. Table 97 gives the mini- 


Mul length of straight pipe at the end 


1. Long radius bends. fal Table 96 the amount of expansio 

2. Double-swing screwed fittings. A wlondard 90-deg. quarter at ate 

3. Expansion joints. f# recommended by the Crane Com- 
Wi excellent treatise on pipe bends in 





Long-radius bends which utilize the elasticity of 
commonly used for high-pressure work in preferene 
for relieving the stresses due to expansion, The use 
internal friction by providing easy turns, olimin 
and joints, and facilitates clearing all other pip 


“Weblom is analyzed from both a 16. 529. U Bends for 
Mi practical standpoint, consult parge Honan eh 

"ipe Bends’? by 8, Crocker and coe ot gm 

, Trans, AS.M.B., Vol. 44, 1922, 

twine graphical charts by means of which the forces acting 


d 


4 
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i 
against the anchorage, the maximum fiber stress OC#! 
and the amount of expansion which can be absorbed 
may be obtained without calculation for standard pipe 
bent to radii up to 120 in. f 
TABLE 96 


AFE EXPANSION VALUES OF 90-DEGREE WROUGHT STEEL 
(Full weight or extra heavy pipe) 
(Crane Co.) 


8. 


Mean Radius of Bend (in Inches) 





















Sizes 

12 20 30 40 50 60 70 80 
1 4 q 4 13 34 wee | oe 
2 t a 4 1 1? 4 34 54 a 
a 4 3 q 14 24 3t 4s 5 
3 4 | # | # [48 % | 3s | 33 |4 
3 re t 11 13 | 23 | 33 |4 
4 3 4 1 13 2 23 3 
43 ee $ t 1; 1} 23 3 
5 3 a |14 | 13 | 23 3 
6 3 4 1 1} iy 2 
8 aD F $ $41 14 1 
10 Mw, $ t 1} 1 
12 5c. a 1 1 
14 S3 3 1 
15 i 
16 t 
18 Wid) 
20 


For U bend multiply expansion values by 2. 
For Single Offset and Expansion U multiply by 4. 
For Double Offset and Expansion Loop multiply by 5. 


TABLE 97 


MINIMUM DIMENSIONS FOR PIPE HONDA 
(Crane Co.) 






Radius of Bend, In. Lengths of 














Size of §|—#—-—— —_——_ Straight Size of 
Pipe, Hips oe Pipe, 
ee Oe OE in 
Pipe Pipe In. 
24 12.5 4 8 
3 15.0 4 9 
34 17.5 5 10 
4 20.0 5 12 
4h 22.5 6 Mu 
5 25.0 6 18 
6 80.0 7 16 
85.0 8 18 





Fig. 530. Typical Expansion Bends, Buffalo General Electric Co. 
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Considering a pipe bend as a beam of special fo: Miiiation (270a) 


fixed and the other end of which is free to move in 10.75 & 1.5 & 30,000,000 


S = 0.106 


acting force, it can be shown! that \ 120? 
d = KFR*/EI h, = 3560 lb. per sq. in. 
S = CDdE/R* ‘ M2 shows a double-swing screwed joint in which expansion 
in which i) fillings to turn: slightly and thus relieve the strain. This 
d = deflection of the free flange measured Ii . 1) \wually adopted in low-pressure heating 
force F’, in. ‘ Where the pipes are small and only a small 
F = force acting against the flange, lb. Mpansion takes place. It is wholly un- Plan 
R = radius of the bend, in. . large pipes and high pressures. Packed 
E = modulus of elasticity, Ib. Der 60st : WW slip joints, Fig. 533, are occasionally 
I = moment of inertia of the pipe section, in, High-pressure steam service where space 
S = maximum fiber stress in the bend, Ib. por Why # prohibit the installation of long-radius 
D = outside diameter of the pipe, in. | they are objectionable because of the 
K, C = constants. See Table 98. f if lonkage and sticking. In very long lines 


ping, slip joints are frequently the only 


. — What must be the radius of & 
nd msde up {ie expansion problem. When slip joints 


bend made up of 10-in. extra heavy pipe in order 10 i 








of 1.5 in. and exert a pressure of 600 Ib. on the anche ‘|, (he pipe must be securely anchored . Front Elevation 
the maximum fiber stress. Assume 1 = 30,000,000, ’ the steam pressure from forcing the Fic. 582. Double- 
Solution. — From pipe tables, we find the outsidé wil at the same time permit the pipe ry a Expansion 

of an extra heavy steel pipe to be age ond OS # to work freely in the joint. Sagging of e 
moment of inertia of the section 1s f = U. ' Miher side, which may cause binding in the joint, is prevented 
TABLE 08 Mipports. Balanced-pressure slip joints have been developed 
yALUES OF CONSTANTS K AND OE but they are not much in evidence. For pres- 
eas oieealll } sures below 150 lb. gage, corrugated or other- 
aye! b Dieoden Oe c ond orem : | wise flexibly fabricated copper expansion joints 
| | are In common use, and in condenser service the 
Expansion U d ow condenser is frequently connected to the turbine 

Quarter a. 0.36 | 1.40 zp 2. 
b 0.88 | 0.64 || Double offset é wm | ‘ ° . 

Goattes : ar? | 0°89 7 exhaust opening by means of rubber expansion 


© Mapansion joints. For a detailed description of such an 
wi expansion joint see Report of Prime Movers 
Committee, T5-21, N.E.L.A., 1921, p. 10. 

Mipporta and Anchors. — Pipe lines must be supported to 





m hee 


Fic. 531. Direction of Force (Table OM) peoomive stresses caused by dead weight, expansion, and 

; ‘ore is no standard practice in this connection and the 

Substituting J = 216; E = 30,000,000; F = 600; @ ! hy different plants vary over a very wide range.. In order 
9.4 (from Table 98) in equation (270) and solving, we } fet exerted by the piping on the throttle of prime movers 
Lb = 9.4 600° ieiary points of attachment, fixed anchorages in the steam 

. * 80,000,000 9 210 { to the joints where the leads come off the header, are 


R = 120 in, 
1 Trana A.S.M.E., Vol. 44, 1022, p. 


y. In the majority of installations the anchors are 
to the building structure and the balance of the piping 
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is supported at various points by hangers, wall bi 


Figure 534 illustrates a common design of a 
type, suitable for moderate end thrusts. The pipe 


itric Light and Power Co. and Fig. 536 shows the method of 
(he main header in the Lakeside Power Plant of the Milwaukee 
, nd Light Co. Anchor attachments are also welded to the 


M7 illustrates a convenient type of flexible hanger for suspend- 
from “IT” beams. This design is suitable only for supporting 
H Weight of the pipe and where free movement is permissible. 
Movement is to be constrained in an axial line, the pipe is held 
Ho rollers as shown in Fig. 589 or supported on a sliding guide 





| 


iY 
| Ci 








EI 

5a 

} i * 
FORSESSS n 

2 a ee rae * 


cir irp 
= + 





g 
ZA g 





End El@vation and Section 


Pyien! Wall Bracket Fre. 540. Pipe Support and Guide — Marys- 
Widing Noll, ville Power House. 


lor straight runs of pipe the support is usually of roller 





lil, where there are branch connections or bends leading 

, ine design of axial guide support is necessary to prevent 

Hh Springing laterally. Figure 541 illustrates a method of 

Ml eounter-balancing expansion loops in a main header and 

Heslble support for a large vertical exhaust header. Other 

Fia. 536. Pipe Anchor — Lakeside ae Bp i! piping, supports, and anchors will be found in this chapter. 
Station. ” ’ 


 #hd anchors should be designed so that they can be readily 


it disturbing the pipe line and should be adjustable to 


and is rigidly clamped to the bracket by a flat iron band ' hg up.” 


and bolted. Figure 535 shows the manner in wh 


main is anchored to the building structure in the | Powor Plant Engrg., Deo. 1,, 1919, p. 1055. 








734 




















SE PIPING AND PIPE FITTINGS 735 


* of Heat from Bare and Covered Pipe. — Steam pipes, feed- 
fe, boiler steam drums, receivers, separators and the like should 

| with heat-insulating material to reduce heat losses to a mini- 
By properly applying any good commercial covering, from 75 per 

por cent of the heat loss may be prevented. Numerous investi- 
ve been made relative to the heat losses from ‘bare and covered 
| tho results have been far from harmonious. The most trust- 
Mills are those based upon the investigations of J. C. Peebles 

Laboratory, Armour Institute of Technology), L. B. McMillan 
WH AM.E., Vol. 37, 1915, p. 921), Bagley (Trans. A.S.M.E., Vol. 


}) 007), and R. H. Heilman (Trans. A.S.M .L., Vol. 44, 1922, p. 
fowults of these in- 


Each Counterweight &j 
igh about 
towet ib. 






Brackets secured to 
EH ‘Wall by 1” Expansion 
- Bolts,15 long 

























































tree as closely as 
weled, considering the r 
(°) H) the structure of the 4 | 
MWiiiples from the same a8 
ioe material and the 58 
12 W the surroundings in 3 
* lorion in which the $2 
Fia. 541. Method of Suspending and Coun ; Miidueted. From the * Z 
Expansion Loops in Steam Mains, oe of Heilman on x 
Wig, 548, it will be 
# lent loss from bare 
































HWiline heated fluids is 
HM! Any good grade of 
i tay pay for itself 


filively short time. The curves in Fig. 544, based upon 
if MeMillan’s investigation, which check substantially with 
Wf leobles and Heilman, give the heat loss per deg. fahr. 
(lifference per sq. ft. per hr. for a number of commercial 
Myerings, for various temperature differences between the 
i! the pipe surface and that of the surrounding air. While 
i} temperature difference is limited to 500 deg. fahr., which 
Hily lower than that incurred in the modern central station, 
wt the higher figures may be obtained with sufficient 
owl purposes by extending the curves. 


Temperature Diff. Deg. Fahr. Pipe to Room 
Fia. 543. Heat Loss from Bare Pipe. 


P when tree, 
6 Outa, Diam 


ke Lip on Bracket 


© heat loss in still air per sq. ft. of outside covering surface, 
H.tu, per hr., 


© conductivity of the material, B.t.u. per hr. per sq. ft. per 


in, thickness per deg. temperature difference between 
the outer and the inner surface of the covering, 
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737 
; Cylindrical Surfaces 
i ly of the ou 4 
in mn Hz = k(t, — t — d)/re (loge 2 — loge 1) (271a) 
to, t, and t = ; ion pipe, and air in the room, deg, : a , i | =" 
cov dist ly, of the outer and the i Se 
Sale k = Ayr, (loge r. — loge 11)/(t — &). 
al the covering, in., 




















































































































































































































































(271) 
Pifve in Fig. 545 gives the value of k for 85 per cent canvas-covered 
0.95 —— Tl TLL LL ee i# determined by Bagley. Curves of this nature for various 
ou at ane wlerials greatly sim- 
ete Piiloulation of the heat Say 
es Woulation of the heat 3%! 
p 0.4 J-M Eureka i paleu 3 5; : 
H ety Carey Duplex # Eeune ac The curves in Fig. 546, gf & 96 86 er Cent Magnesia 
fa No,19 Plastic sen nsom . | a P Aa g 
" 0.85 No.12 Sall-Mo Wool Fe ro A Bn the relation between HH, | z a 
to ah lermined by Peebles, kad 0.5 i 
yp 0-80 ict pete tet Be , iid Heilman, offer a og yi [ @. D. Blgley 
8 0.98 OG MER : | A Mileulating the value Mo gf) me Oy TE BE, 
F Hee 2s me? data as shown in Fig. 545, " Godilins of Thermal Con- 
a onl Ls 4 Zane pS Wt nfortunately these Npde | ductivity. 
Ft aaeecan 4-4 WW eonsiderable depar- 

0.65 ber ems 4 > al Meh other for the same temperature conditions. Curves (1) 
Hl eet He Cy 10, give satisfactory results for pipe lines protected against 
3 0.60} £ Ae ge air currents but for exposed 
A H+ ZA eh MeMiiion lines preference should be given 

4 LAr a : Hei Wan, 17,21n, O. D, 
tn EL as an Bie Vain OD. 7 to curves (3) and (4). 
= ee sae 4 al ee: tin. 0. D. Applications of equations 
2 0.50; 4 oil pot Hilton, N.tin,0.D. ‘ 
‘| Zane OZe tS 4 (271) to (272c) are best illus- 
aR ==2a gS — ania : | | trated by examples 84 and 85. 
Eb Bees a ; 
6. BSS fy 1 Example 84.— A steam pipe, 
= 0.40 22am —-H 4 5.6. in. outside diameter, is 
A | | tr ' covered with single-thickness 
g > wie : J-M 85 per cent magnesia, 1.13 
be fic, al a in. thick, temperature of the 
g 0.8 Kab ee ek = } pipe 380 deg. fahr., room tem. 
hte ae ee ee es ’ 3 ” i 
Fort tr r| perature 80 deg. _ fahr. Re- 
os 50 100 150 i Degrees Fahronbelt quired the conductivity per in. 
“Temperate Temp.-Room Temp.) é thickness for the given condi- 
ipe Coverings (Single tions. 7 
. Heat Loss through Pipe ; 
Pee: S96) Sn ee eee Solution. — From Fig. 544 the 
difference between the cov Hy, Fb of Outer Buxtace of Covering tate of heat loss per hr. per sq. 
d = temperature H ” ft. per deg. temperature differ. 
nding to a rate of loss //s, Hit between Heat Loss and Pe Ss. emp 
pty: sq. ft. of pipe surface, Bt Shure Diference ence is 0.455 B.t.u. Therefore, 
A, = pi cnante for flat surfaces with 
“= 1ckn 


H, = 300 X 0.455 = 136.5 and 
BA0/2 +» (6.6/2 + 1.18) = 4 


7.2 Batu. From Fig. 546 (A) 
Hifference between outer coverin 


surface and air cor- 
pliwe of 07.2 B,t.u. is 65 deg. fahr. T 


erefore, the tempera- 
ween the inner and the outer covering surface ig 300 ~ 


Vol. 37, 1915, p, 000) 

i hown (Trans. A.S.M.L., | 

ma Flat Surfaces 
Hy ak (lg = ty)/@ 
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} Piping should be tested under pressure before being covered, 
he destroy the efficiency and life of the covering, If the sur- 
‘tinosphere is moist the covering should be given two or three 


Phd paint. Coverings are sometimes applied to cold-water pipe 
f sweating. 
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65 = 235 deg. fahr. Substituting these values in equat [ 


: k r . 
Kil k = [186.5 X 2.8 (log, 3.93 — loge 2.8)] + 2385 


ipe i le 84 is covered 
.—If the pipe in Example 
ee other conditions remaining the same, 
ne 


il Kficiency of Single and Graded Steam Pi 
. temperat) 

ipe surface per hr. per deg 

loss per sq. ft. of pipe 


pe Covering: State College of 
» Mul. No. 12, 1923. 
Mevelopments in Pipe Insulation: Power Plant Engrg., July 1, 1924, p. 698. 


— . 55 Pewign of Coverings for Pipes: Mech. Engrg., Oct., 1925, p. 805. 


0.551 (880 — 80 — d) 


Hs = GR B) (log, 5.8 — loge 28) 


lepressure Steam Piping Systems. — In the older stations, in 
= 0.13 (300 — d). jie movers were of the reciprocating type and the boilers of 
‘ Fig. 546 — Our Vely small capacity, the boiler and engine room were arranged 
Now assume d = 20 a a Song I, = 0.18 (dM ik, end to end, or double-decked, according to the space avail- 
95.5 B.t.u. But from + he eater than 20. Assume) the high-pressure steam lines were arranged on the spider, 
This shows i d era Nord = 39.5 B.t.u. and from 
from Fig. 546 Hs — 5 


H, = 0.13 (300 — 30) = 35.1. This shows that d must 
a v- 


i lue d,; = 27 may be obt 
Sais cae ge on SEL. Sunstituil this value 0! 


(271b) and solve for Hi 


Wy, duplicate header, and loop or ring header systems. All of 
Nwements and systems were more or less standardized and 
Wily tn minor details. In the modern central station there is no 
mingoment of turbines and boilers, and the piping system ig 
MH thet each specific set of conditions. 
AAT shows the back to back arrangement of engines and boilers 
Mie engines and boilers are housed in separate rooms and the 
Mich boiler is led to a common or main header. This was 
Melice in the central station in the year 1905 and is still used 
fo! wmall plants. The main header was placed in the boiler 
the division wall and it was extended as the growth of the 
Wied, This system permits of short and direct connections 


fie thovers and boilers and is simple and compact. 
MW Operation in case of in 


35.5 = 2.8H, + 5.8 


ft. Loss per 
j = 73.5 B.t.u. per hr. per sq. It. 

= ee difference between the pipe surliae 
pe ‘ 


room = 73.5 + 300 = 0.245 B.t.u. 


i i t commonly found 
ipe-covering materials mos 
fea Matick are 85 per cent magnesia, sone pe 
hy Of these, 85 per cent wa gs a a 
ee 600 deg. fahr. lor Hay 
tures up to A‘ 
we eke Peds desirable to use some form of ae Rey 
; i ye in order to reduce the heap t oe 
eH d nd insulations. Asbestos fiber matted ai he 
stan ii the necessary heat-resisting a ig? a 
= but its heat conductivity is dire pd rt = 
adit employing highly rp stamens : ean z or the Oa 
i 1-in. layer of Car i : 
a “ate of high insulating ae ee pres = 
to deg. ¥ ‘ 
joration at temperatures up ( 
sti ik a second covering 2 in. thick of 85 per cent 
ollo 
past i ied in sections molded to the 
i ing is applied in s | 
h ae fo by bands, or may be mht 
; i ied and removed, 
is more readily appli ' 
ei while the valves and fittings are generally 
’ - 


To insure 
jury to the main header, duplicate or 
wlern were occasionally installed. Figure 548 shows a back- 
fement in which the length of the main header is greatly 
Ail the various distributing pipes lead directly to steam-using 
This is known as the Spider system of piping. This system 
Helietory results in small plants but is rather unsightly. The 
) iw. 550, has the advantage over the single header in that 
Mipply may be taken from either end of the boiler battery, 
HW) Arino, or from both ends to insure uniform boiler operation. 
wth of main header increases the first cost and offers a larger 
1 lomnon, 
1 illustrates a typical installation in which the boiler and 


' jffe end to end, This is a common “arrangement where only 
i Of apace is available for the plant, 
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fd even triple-deck installations, in which the boilers and 
f# ure on separate floors, are to be found in a few cases where 
# ls very costly, but the first cost of such a plant is very high. 


* Le 

i | 
Generator Generator fi Hh 
Nol No.2 pe y 


Paier imps: 




















Engine Room 
Toft Cond’r No.1 Jet Cofd’r No.2 Jet|Cond'r No.3 
; + 
a ee [G=0) 
SSS > SEEM 4 SSS 
= 
=z 


=] f= 






Hatiery Not 
' Boller No.2 No.8 Nog No.5 No.8 


Fia. 548. Typical “Spider” System. 


Battery No.3 






seen Seong 50 
xopayito dH JOD 








(| lurk plant of the Ford Motor Co. is an excellent example 
sleoked arrangement. 

f) (entral station is usually designed on the unit basis in which 
ferator has its own boiler and auxiliary equipment which 


Ci =e 
—— SS SS 11 aa 8 
(Added LL LLL 












Mia, 549. Typical Auxiliary Header System. 


to! independently of the rest of the plant. The steam 
Hy of the auxiliaries are cross-connected so as to supply 
/ wile in case of emergency, but to all intents and purposes 


independent plant. 
howe the arrangement of boilers and turbines in the Yonkers 
the New York Central, illustrating standard practice of a 
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Mi shows the arrangement of boilers, turbines, and high-pressure 
i in the first section of the new Hell Gate Station. The tur- 


Ker bine| oo 
No.5 


decade ago. The turbines are arranged side by side 
separated from the boiler housing by a division wall. 
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No.4 No.2 





FL 


Fia. 552. Typical ‘Unit’? System. 


tHe El 
a BE: 
eae |_| 


Fic. 550. Typical ‘‘Loop Header” Sya' ais 
. ine INO. 
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10" Main Header 


| ny 
SYMBOLS 


j Hate valve t Gate valve (Motor operated) b 4 Gate valve (Normally closed) z Check valye 


“A” Indicates Automatic Stop 
and Check Valves 


Fria. 551. Typical “End to Bnd” A 


4 Phew end cheek valve * Throttle valve (+ Pressure control valve 


iu, 553, High-pressure Piping — Hell Gate Station. 





| boilers are grouped in pairs and each pair is cross-connected 
Hach group of six boilers has a single stack and breeching. 
inure continuity of operation, such elements of the various 


connected in pairs by 14-in. loops, each turbine tal 
of two banks of four boilers. The high-pressure pp 
boilers is cross-connected to the adjacent pair by & 
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groups as forced-draft air supply, feedwater supplys 


745 
haust-Steam Piping. — In the larg 
connected at will. 


e central steam-power station, 
#) eondenser exhaust piping, at least in so far as the prime mover is 
















|, since the turbine exhaust flange is bolted directly to the con- 
3 \nilirectly through the agency of a short expansion joint. This 
NS ee He to the smaller plants equipped with individual condensers, 
N = iy rer te 3 3 
| fli & DP, = fhee-atmospheric exhaust lines lead from each condenser to the 
N | 25 
N| 2 
ERS YS 











Hien the condenser, the increase corresponding to the added 
Mhwust steam. In some designs, there is a main atmospheric 
# connected to the individual atmospheric exhaust branches, 
Mer a single atmospheric relief valve at the condenser suffices 








VU 
CS eee ee 


VTL, 


MAjority of non-condensin 
wl for heating or other 
T-1F iY fyelom of exhaust pipi 








g plants, all or a part of the exhaust 
industrial purposes, in which case an 
ng may be necessary. The general 















MMMM ffs 
VILL. LL 


VI fl LLL fp 


LE. 


i! of apparatus in a typical non-condensing plant utilizing the 
heating purposes is shown diagrammatically in Fig. 555 and 
™ of operation are describe 


d in paragraph 3. The chief re- 


fv « combined power and exhaust-steam heating system are: 


WH back pressure on the prime mover; (2) effective and con- 


fie of condensation from supply pipes and radiators; (3) 
Mhoval of air and entrained moisture from confined spaces; 
Wit regulation of temperature in each radiator; (5) continu- 
HT MNdensation to the boilers; (6) utilization of part of the ex- 

heating the feedwater; and (7) automatic regulation. The 
Wf ii any system of exhaust-steam heating is the trap or 
Hilet valve attached to each radiator or heating coil which 
the water of condensation and the non- 


! Automatically without building up back pressure. The 
T hy the radiators ma 


y be regulated by varying the quantity 
Hiel, oithor by hand or automatically by thermostatic eo 
} oR HWe Lhe type of trap commonly employed in current practice 
= FL 2 uh shiwe a section through a popular design of thermostat for 
pening and closing the exhaust steam a 
(Mee paragraph 296.) 
Wet header in Fig. 555 is in the basement and the branch 
Teal upward. In tall office buildings the exhaust main fre- 
the attic where it is connected with a distributing header 
Mipply pipes feed downward, While the latter arrange- 


( from a circulating standpoint, it requires additional 
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dmission valves to 


Fia 554 General Arra ent ¢ 8S team mt d TDixhaual " 
. . ngem of i} an 
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ment of the 

i 554 shows the general arrange 

sai a Chicago, illustrating the loop header aa 
of plant. 
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for its installation and the back-pressure valve is remote from the 
Mom, 


(listrial plants where the power requirements are large and the 
from the prime movers is too great to permit of discharge to 
the engines or turbines 


Mted condensing (pro- 
the cost of circulating 

Hol. prohibitive) and 
heating is extracted at 
He point between the 
ive and low-pressure 
Tho oxhaust, after it 
he prime mover, is 
ii the same manner 
Hiiecondensing plant. © Uppes ashags 
Water Piping. — The 
mwrangement of feed- 
ME may be found’ in “bweDischarge 
Hioondensing plants, 


the feedwater is ob- 
‘ler 


WASTE EXHAUST STEAM 
= ATMOSPHERE 


TER] 


EXHAUST STEAM | , 
SUPPLY TO 
ED-WATER HEA’ 






VENT TO ATMOSPHERE 


L 


“ slight head, "14. 556. F ore rene Dodge Bros. 
worded by the ‘ower House. 


Mpply, and is heated in an open heater by the exhaust steam 


— FLOAT-OPERATED. 
AUTOMATIC VALVE 


Z Meio lo a temperature varying from 180 to 220 deg. fahr. I | 
P pen the back pressure maintained on the heater. The hot 

+ H/HYilntes from the heater to the pump and then is forced to the 

24597 a 

ae 

S288¢ 


4" Uivhe Oheom ° 


NG 
PRESS! 





plows 
Town 





RETURN RISER 
OPEN VENT TO 
ATMOSPHERE 


Wi ii7 


leodwater Piping at Hell Gate. Group 1, 





eonomiser if one is used, | 
tlieeharge side of the pump 
ful out for repairs, 
in duplicate, 


f a meter is used, it ig generally 
» and should be by-passed to 
Plants operating continuously should 
In some cases, the returns from the heat- 
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, - E, illustrates the various combinations of check valve 
An regulating valve in steam boiler practice. The simplest 
tnd one sometimes used in plants operating intermittently 


ing system gravitate to the heater and only eno 
to make up the loss from leakage, ete. In other ¢ 
to a special “ returns tank,” from which they ae 
pump or trap to the boiler without further heating, 
steam purifier is used, especially if the water conta 
of calcium sulphate. The feed is then subjected 
temperature and the greater part of the impurity f 
enters the boiler. Closed heaters are often used 
When the supply is not under head, a closed heater 
and is placed between the pump discharge and the fee 
In small condensing plants with steam-driven 
piping is similar to that in non-condensing plants, 
steam is used for heating purposes, it is supplied by f 
as feed pumps, stoker drives, condenser engines, 
appliances. 
In plants having a number of boilers, it is cus 
or header the full length of the boiler room and 0 
by a branch pipe. This main may be a simple hi 
duplicate, or of the “loop” or “ ring ” type. The 
along the fronts of the boilers just above the fire doors 
the settings, depending upon the design of the boiler 106 
header is used, the feed pumps are sometimes pl 
opposite ends of the main, which is then cut inte 
Another arrangement is to place the pumps 80 8 10 f 
of the header. With the loop arrangement the main te 
sections by valves, so that the water may be sent 
pumps and any defective section cut out. With dup 
mon arrangement is to place one main along the front oF 
other at the rear or both overhead. Sometimes one 1 
passageway below the boiler setting and the other on 
In the large central station, with its intricate mM 
proper heat balance, the arrangement of the various 
piping system is one of the most difficult problema tn Uh 
Figure 556 shows the arrangement of the feedwater | 
Dodge Brothers power station, illustrating a comparntiye 
A diagrammatic outline of the feedwater piping ab the 
is shown in Fig. 557, and Fig. 558 gives a similar 
the Hudson Ave. Station of the Brooklyn Hdison © 
415 to 418. 
In the majority of modern plants the feedwater pipe 
steel, but in some of the older plants, particularly 
poor quality, the leads from header to boiler are of bi 


Check valve 


ty Drum head stop and check valve 


++ 


(normally closed) 








><} Gate valve (normally open) 
P|] Gate valve 


~DSt- Regulator valve 


DOt Globe valve 





Fig. 558. Feedwater Piping. Hudson Avenue Station. 


_ Ilere there are but two valves bet i 

ween the boiler and th 
k being nearest the boiler and the stop valve at the aim 
performs both the function of cutting out the boiler and 
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ulynamics, Goodenough, p. 161), and may be expressed as 
p = Cv4yL/d (272) 
p= Kw*L/yd *  (272a) 


| {| ab Boiler dry pipe 

be Superheater 

ed Stop and Automatic Check Valve 

de 2-4-in, leads and header to hydraulically 
rated valve 


that of regulating the water supply. This « 
mended, as any sticking or excessive leaking of the oh 
sitate shutting down the boiler. B shows the mosh 
Here the check valve is placed between the reg 
valve as indicated, ‘This permits a disabled chook 4 
while pressure is on the boiler and the main, Hah 
whereby both check and regulating valve may be 
ticularly adapted to boilers operating continuously Wi 









ef Separator and lead to turbine 
Jg Throttle Valve 


























fei Pee 
fhe | el 

aaaeeaee 
MER eR 

0-20 40 60 80 100 120 140 160 180 200 220 240 260 

Lineal Distance in Feet, 

M0, Steam Pressure Drop from Boiler Drums to Turbine Throttle. 






















































“Main Feed Header, 
Fic. 559. Different Arrangements of Valves in I Bleasure drop, Ib. per sq. in., 
Mellicients involving a number of reduction constants and in- 
tluding the coefficient of frictional resistance, 

Velovity of flow, ft. per sec., 

Weight of flow, lb. per sec., 

Hein density, lb. per cu. ft., 

Wilernal pipe diameter, in., 

Wewwth of straight pipe or its equivalent, ft. 


valve is subjected to severe usage. In this case the. 
wide open and are subjected to no wear. The 
highly recommended is a self-packing brass globe 
disc. The check valve is ordinarily of the swing 
regrinding disc, Fig. 581 (C). 

Underground Steam Mains: Power, Apr. 2, 1918, p. 400; ) 


, . . 
308. Flow of Steam in Piping System. — Notwith of C and K given by various investigators are given in 


ous investigations conducted on laboratory appl 
under actual service conditions, all rules relative 16 
commercial piping systems are more or less empirigal 
the conditions under which the tests were conduit 
rules give fairly satisfactory results when applied 16 
6 in. in diameter, free from obstructions, and for me 
temperatures. However, when applied to the large 
the modern central station with its high pressure and Hl 
steam, the results are apt to be seriously in error, 
rules for the flow of steam in straight pipes are more OF 
those pertaining to the flow in superheaters, valvom, 
more so, and, considering the fact that the influence 
flow is usually much greater than that of the pipe 
engineer is forced to rely upon judgment and exp 
theory. Practically all rules for the flow of steam tn 
the fundamental equation for the flow of compromible 


TABLE 99 
VALUES FOR COEFFICIENTS C AND K 


; Reference 


1 Y Miwam,” 1919, p. 317 
Tinie, A.S.M.E., Vol. 20, p. 



















100,000 C K 


1.43(1+3.6/d) | 0.47(143.6/d) 
1.4(1+3.6/d) 0.475(143.6/d) 
2.67 0.90 

5.16/d?-289 <y0148 | 0,8 0-08 /yyas 


My 
"hie, Thermo.,”? Lucke, p. 


‘ 
a (ber Morschungsarbeit, 
al 00 

Peli. «, Vor, D, Ingr., Apr. 16, 
WOM, p. H72 
tery. (Lond.) Mar, 19, 1897 
sit. Civ, Eng., Vol. 33, 





3.82 1.28 
1.43(1-+48.6/d) 0.47(1+3.6/d) 


ae 1.21 
AT (1+8.6/d4+- 0,495(1+8. 
ert 5(1+3.6/d+ 


vel, Welt, Vol. 12, p. 608] 1,.4(1-48.6/d) 0.475(1-+8.6/d). 


~ 


Avie Wngr., May 1917, p. 
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re the pi i al procedure, of course, is to proportion the pipe and fittings 

=e SAME ordinarily made to calcula # predetermined pressure drop between the points under con- 

short, no at emp tself, and the diameter is proportid will not be exceeded, but unfortunately, none of the rules pre- 

through the ri a ois The pressure drops thi iitioned can be relied upon for accurate results. In the light 

sperheakas and fittings for the assumed mit evidence available at the present time, preference should be 

china oak the manufacturer or approximated from Mpituglass’ ecjuation for low-pressure steam (5 to 50 Ib. abs.), 
in plants having similar equipment. Where very Wt wet; to Babcock’s 




























































































for dry or moder- ja 
heated st (100 ° eae 
m TTITITIT ITI 1 I I | Se meee? Steaen. Ag © Pressure Drop Tara 
= Total drop-boiler drum to steam lead. || it fia and pipe sizes pias. Seam K. Valve 
F 12 B 6-in, Automatic Check Valve | | f In {n diameter) ; and 
C Superheater : é , 9 
& ,, D Stop Valve | i” for superheated As 
. 7 
& oy wee ir on” lig at high veloc- ae 
® * 
m8 Tnftial Prossore 215.00. abs. | | | || fi, per sec. or more. 4s ap PE 
Eg : Superheat 160 deg. fa HEH , Wenlence in applica- f Manometers 
£ | aPa jon (272a) has been fi 
$4 C1 | #0 that the diam- *, 
e aape= pipe and coefficient Steam Flow, Thousands Lb. per Hr. 
Fd Ba BEC Lt |; teen included in a Fic. 562 
KCC EEE SEE ae - 562, 
| a Ss the value of which 
ax Steam Flow - Thousands of Pounds por Hour wk's and Spitzglass’ coefficient of friction are given in 
38260 4371 
x Steam Velocity - Beet per Minute , 
ovo 
Fic. 561. Steam Pressure Drop, 500-hp. Bt, & | (#72a) transposed 1s 
ie : ‘ne itself {s COMMAS We eV pyh/L =k Vpy/L (278) 
employed, the friction loss in the pipe itse U 


© acoefficient involving the various reduction constants and 
the coefficient of frictional resistance. ; 
h » « factor including c and d. 


other information it is common practice to use @q 
preference being given to Babcock’s, Spitzglass’ anil J 
for coefficients C and K. Babcock’s, Spitaglass’ and 
cients give practically the same results for moderaté 
and pipe diameters under 10 in., but for larger pipe i 
rates of discharge Fritzsche’s coefficient appears W 
accord with actual performance. 


fations as in equation (272a). 


» wooflicient when combined with the rest of the equation 
the form 


' Pp = 0.0000516 v'-85y085 7, /ql-27 (273a) 

In the modern turbine plant where the distances f D = 08 w'* Z /yasst, ay 
prime movers are comparatively short and the val oi 

designed to offer low resistance heads, a convenlent Welght of steam discharged through any system of piping is a 


maximum velocity of 1000 to 1250 ft, per min, per 
the higher value for diameters over 12 in. The same 
ciprocating engine plants where a large receiver in 
engine throttle. Where the valves and fittings offer ot n 
to the flow or in case of reciprocating engines wi 

the throttle, the maximum velocity is taken as 75 
given above, 


the pressure drop, it is evident that the greater the pressure 
Wrwer will be the weight discharged per unit of time. A large 

ie permits of a smaller pipe and, because of the reduced 
Mulintion losses will be lower, but a point is soon reached where 
y 1) tho size of pipe is more than offset by the loss in available 
‘to the reduced pressure at the point of application. There 
ho fixed rule for determining the drop most suitable for any 
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5A STEAM POWE | : 

: the velocity factor aii Ww of the heat loss on the density of the steam is less than the 
: iti ince the veloc the accepted formulas themselve 

given set of conditions, since ein p ‘t 

particularly with wet or ee stant ae plication of Babeock’s, Spitzglass’ and’ Fritzsche’s equations is 

° oot vibres W: 
fittings and joints by vibration an 


engine practice involving the use of saturated steam 
pipe leads directly to the inlet nozzle, the maximum @ 


Pressure Drop between 
Inlet of 20 in, Valve and | 





Turbine-Throttle Valve 
























ordinarily Hod steam per hr. through a covered 
11/2 Ib. port Hp is to be approximately 5 Ib. per sq. in. 
1 ' Mj, in. 
pipe. Inat 
ae Here w = 36,000 + 3600 = 10: 
io 7 & 0.2737. 
is placed 



















nozzle, Pf 
to 2.5 lb, 





























Fia. 563. Pressure Drop through 20-in. Valve pressure 
and Tee. Narragansett Elec. Co. 


i i In steam turbine practic 
delivery are to be avoided. 
of high pressure and superheat, pressure drops a 
100 ft. of pipe have been allowed during periods of i 
It must be remembered that the pressure drop thro 


usually but a small portion of 
the total drop from boiler to 
prime mover because of the 
additional resistance of the dry 
pipe, superheater, valves, and 
fittings; consequently, large 
pressure drops through the 
piping alone may cause excess- 
ive drops from boiler to prime 
mover unless special attention 
has been paid to the selection 


-resistance valves, fittings, etc. 
% ,. aie pressure drop in exhaust steam me | 
0.4 Ib. per 100 ft. for non-condensing service and from 
mercury per 100 ft. for a vacuum of 26 in. Tn large stent 
tions there is practically no exhaust piping and er 
ft. per sec. are possible with a negligible pressure a 

Attempts to include factors for condensation or rac 

complicate the problem without adding to its ee 
be considered, of course, in estimating the proba 
at the end of the line, but except for bare pipe and 


Narragansett | 
Elec, Lt. Co. 
8-22-22 





Press. Drop, Lb. Per Sq. In. 









































have given 


Pehle 100 we find that this 
For very rt 


must nec 
low pre 


' 
® equation (274) gives 


(le diameter of a 9-in, pipe i 
fvident that the different 
ye results substantially in 





fir the given conditions, 

Hiiidlard weight 9-in. pipe. 

| | Pressure Dhop Quoi | MY, Calculate the size of 

vad # fp. Auton ty to deliver 432;000 Ib. 

Dalvie | wy hiv, through a turbine 

4 long, if the pressure drop 

od fe la to be approximately 

hs ti, Initial abs. pressure 

ad ®), in, and superheat 300 

1 A 

B= 
| 

a Here w = 432,000 + 

Velocity throu # pes; L= 150; y= 

Wa, O04, fie in density due 


® oulipible), 


MyAlion (274) gives 


tiled by the following examples: 
46. — Calculate the size of 


pipe necessary to deliver 36,000 
pipe 1000 ft. long if the 
Initial abs. pressure 


; p= 5; L = 1000; mean 
Hii these values in equation (273) and solving: 


10 =kV5 X 0.2737 = 1000, or k = 270. 


| i his value of k corresponds to an internal 
"7 in. (by interpolation) for Babcock’s equation and 9 in. for 


© (0.8 X 10'45 x 1000) + (0.2737 d*7), or d = 8.49 in, 


|" wrought-steel pipe is suitable for a pressure of 125 Ib., and 


s 8.94, the nearest to the calculated 


Press. Drop In. o: 
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essure Drop |th: ease ariou 
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Steam Flow, Thousands Lb, per Hr, 


Fig. 565. 


to the heat drop in this length of properly 


theme values in equation (278) and solving 
100 = k V3 X 0.495 + 150, or k = 1206. 
100) we find that this value of 


u k corresponds to an internal 
14 in, for Babeock’s equation and 16.6 for Spitzglass’. 


WW & 120!" 150) + (0.495 x a"), or d = 14.3, 


\t will be seen that O.D, 


pipe with 5/8-in. thickness of 
for 4860 Ib, pressure and 1 


to 16 in, outside diameter, 
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Babcock’s rule, therefore, calls for 15.4 + 1.25 = 16: 
16-in. or 17-in. pipe may be selected, depending upon 
tion from the specified pressure drop. Spitzglass’ 
O.D. pipe and Fritzsche’s for a 15-in. or a 16-in. O.D, J 

The higher the velocity and the larger the diameter, 
the variation in results based upon these equations. — 
calculated pressure drops per 100 ft. in an 18-in. 
through which steam at an absolute pressure of 500 
of 767 deg. fahr. is flowing at a velocity of 300 ft. per 


Velocity, ft. per sec., 
M*perimentally determined exponents, 
tiwide diameter, in. 


fy C, m, and n have been fairly well established for a number 
hl wlandard screw fittings and valves for the flow of water, and 
Hecial types of valves and fittings for the flow of steam, but 
la wre not available to render equation (275) of much service 


Spitzglass, 10.3 lb. per sq. in.; Babcock, 7.57 lb. per Wiping design. 
4.39 lb, per sq. in. ; Hi (neo equation 278), calculated by Foster,' are perhaps as 
TABLE 100 Miy, but since they are based on experimental data obtained 


vaLUnS or EOE VaRiovs oan Now of water they must be used advisedly in steam-piping 





os is x ronidg DL Piles are f requently used in this connection, but results caleu- 
ia in }) Hem are not in accord with the few scattering tests conducted 
Babcock Spitzglass "}femwure conditions. They appear to be satisfactory for low- 
—_ le, According to Briggs, the length L of straight pipe in 
0.5 0.028 0.028 8 Vilent to the resist f 
Of 0-085 = S f esistance of one standard screwed 90-degree 
1.0 0.675 0.66 10 
15 2.16 ht a3 L=114d+(1+8 
2.0 4.90 4.75 = as .6/d 
2.5 9.20 8.85 a aks i ae 
3.0 15.2 14.6 . 
3.0 15.2 14.6 6 HS wlandard globe valve : 
4.0 33.8 32.3 16 bia %e 
4.0 33.8 82.3 16 L = 75d + (1 + 8.6/d) (275b) 
5.0 ei ap 4 f) Niitings which offer considerable resistance to the flow of 
6.0 99.5 94.0 | | he avoided in the modern power house, and special pre- 
6.5 1s ie HS iin doing away with sharp turns and in employing valves 
7.5 182 159 24 Heelwned for low-friction heads. 
if tho pressure drops in piping systems and special types of 
Wassdbiie’ Gxpariinenty ‘tee bola oa fe gained from the curves in Figs. 560 to 565. 


with a view of formulating some rule or set of rules by Piltinge to Flow Through Pipes: Trans. A.S.M.E., Vol. 42, 1920, p. 649. 
pressure drops may be calculated for different rates of 
varying steam conditions, but the results have been fay 
The pressure drop is expressed either (1) directly in Ih, 
equivalent, or (2) as an added length of straight pipe 


ance to the various valves, fittings and bends. Scatter! 


tharte and tables based on the commonly used equations 
11) various publications. These charts and tables do away 

Wiis calculations and furnish a means of rapidly solving 
ving the flow of steam. 


th Jur Flow of Steam in Pipes: Trans. A.8.M.E., Vol. 42, p. 652, 657; 


types of valves and fittings show that the friction drop Pi.) 270-8; Mark’s Handbook (1916), p. 1354. 
p = Cy"/d™ Vv “leon in Pipes: Kent's Handbook, 1923, p. 929; Trans. A.S.M.E., 
in which PPtean'’ (1. & W. Co.), 1922, p. 318-20, 


Ste’ preesute lose, Ibi sex sq, in., with Superheated Steam: Power, Aug. 7, 1923, p. 233. 


C = a coefficient depending upon the shape of 


' Trang, A.8.M.E., Vol, 42, 1020, p. 648, 
ing certain reduction constants, 


* Warming Buildings by Steam, 
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equation appears to check substantially with experimental 
| in connection with a table of constants for various pipe sizes, 
Hiiple means of calculating the flow of water in pipes. Spitzglass’ 
for the flow of water in iron pipes of average smoothness and 
in 


High Temperature and High Pressure Steam Lines: B..N, 
Vol. 44, 1922, p. 1199. t il 
Critical Velocity in One-pipe Heating Systems: Power 


. 914. 
Capacities of Steam Heating Risers: Jour. A.S.H. & V.E, 


309. Flow of Water through Orifices, Nozzles, gq - ie SINCE EBA 0B 2) VUE fates 
of water through orifices, etc., has been treated so the ~ VE ee 
books on hydraulics that no attempt will be made 101 
formulas used in this connection, and only those 00d 

ower house calculations will be given. Y . 
p Free discharge from orifices and nozzles. — The rate | Hof flow, gal. per min., 
all shapes of orifices and nozzles may be calculated ternal pipe diameter, in., 
for general service from the following equation: - head oF Pra drop, ft. of water, 
./ Soe wth of pipe, ft., 
= (a fwwlor, including constant 53.4, for various pipe diameters. 


‘in which 
Q = rate of discharge, cu. ft. per sec. 
C = an experimentally determined coefficient 
and shape of opening. 


values for k are given in Table 101. 
head clue to friction in pipes. — All of the more exact rules for the 
| in pipes are of the form 


A = area of the orifice, sq. ft. hy = CL /dn (277) 
h = head of water producing flow, ft. 
g = acceleration of gravity = 32.2. . ' 
For circular orifices with sharp edges fri Hon head, ft. of water, ; : 
‘ Meflivient, including the various reduction constants, 
C= 0.60t0. 080) Se 4 Pperimentally determined coefficients. 


For short cylindrical nozzles 2.5 diameters in long) 


foie As in equation (276). 
C = 0.81 to 0.83; average 0.82, 


Melr's values for C, m, and n are 0.0085, 1.86 and 1.25 respec- 


With rounded edges C may be increased to 0,00, 
For short nozzles and conical convergent tube, # 
C= 0.94. , 
hae rounded edges C may be increased to 0,00, 
Discharge from cylindrical pipe. — There are nue 
flow of pds in pipe, but it is difficult to select the one 
ordinary pipes of engineering practice because there 
interior roughness and the interior surface dooa not ¥ 
service. Many of the more exact equations are eony 
considerable time for evaluation and, unless aceon 
tables giving reduction factors, are too unwieldy 
Pipe tables, similar in purpose to steam tables, 
engineering handbooks and in practically all embale 
facturers, so that the use of formulas may be ¢ 


tommercial steel pipe and average water, the following simpli- 
tion of equation (277) gives reasonably accurate results. 


hy = .0045 Lv?/d. (277a) 


(Am, Mach., Dec. 28, 1893) gives the following empirical rule 
# up fairly well with test results, 


hy = L(4v® + 5v — 2)/1100 d. (2776) 


_~ 200 gal, of water per min. are to be discharged through 
fipe line 400 ft. long. Calculate the pressure drop by the 
Hiven above, 


» (200 % 144) + (7.48 & 60 X 12.72) = 5 ft. per sec. 
400; & @ 1220 from Table 101, 
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experimentally determined resistance factor, 








TABLE 101 . . eae : 
Wacom or ‘ocala ie diameter of pipe to which fitting is attached, in. 
in iwaigns the following values for r: gate valve, 0.25, long-sweep 
Internal Internal oie run of standard tee, 0.383; standard 90 deg. elbow, 0.42; 
so , “he Hive, 0.90; close return bend, 1.00; globe valve, 2.00. For steam 
i ii place of 2.65 in equation (278). 
0.5 3.3 5.0 2,350 )\ rule is to assume that the friction head, ft. of water, varies 
Va as an 2500 Milinre of the velocity, thus 
1.5 79.5 6.5 4,320 = Cr 
2.0 178.0 7-0 5,280 hy = Cot/2.g (278a) 
2.5 334.0 ; ,400 , ; 
30 pede 60 10/000 the following values 
3.5 836.0 10.0 13,200 Angles Class of Valve 
4.0 1220.0 11 16,650 45 deg. 90 deg. Gate Globe Angle 
4.5 1650.0 12 20,700 0), 182 0.98 0.182 1.91 2.94 
; of the great variation in design of valves and fittings there is 
Spitzglass: i wide range in the values of the experimentally determined 
200 = 1220 Vhy/400 Hs, wnd the constants given above must be used advisedly. For 
Meir: 


Hiiihg to special experimental research consult the accompanying 
thy. 


Wile in Short Pipes: Trans. A.S.M.E., Vol. 45, 1923. 

Wiley through One and One-half Inch Pipes and Valves: Purdue, Engrg. Exp. 
1 No, 1, 1918. 

r Neperiments with Valves, Orifices, Hose, Nozzles, and Orifice Buckets: Univ. 

Pep. Station, Bul. No. 105, 1918. 


hy = 0.0085 < 400 X 5186/4125 
Equation (277a) 
hy = 0.0045 < 400 X 25/4 
Cox: ' 
hy = [(4 X 5*) + (5 X 5) — 2]400 + 1100 % 4 
Example 89. — If 600 gal. of water per min. are to I 
4-in. iron pipe line 400 ft. long, what will be the p 
end if the initial pressure is 100 lb. gage ? 
Solution. — Here d= 4; L = 400; k = 1220; : 
water = 1 lb. per sq. in. Let po = final pressure, Ih, Pie bn Velocity, Size of Pipe in Velocity, 


. power plant practice gives the following maximum velocities 
, How in clean iron pipes. 





= 2.30 (100 — pe). Substituting these values in mt per Bile ee Tine Meee 
solving SS Eee ess 
600 = 1220 V2.3 (100 — pa) /400, pm» = 8 Ih, | Rg Bows eae 
200-300 


Loss of head due to friction of fittings. — The law 
through fittings is, according to the latest experiments, @ 
form as equation (277) except that coefficient C and | 
to form a single experimentally determined cooflle 
to Foster, the friction drops for the flow of water thre 
screw fittings may be calculated from the formula 


L = 2.47 rit 





Mrough Condenser Tubes. — The following equation is commonly 
fonnection 


ly = C8 L+2N (279) 


©! passes; other notations as previously given. 
f for 5/8ein, tubes; 0.012 for 3/4-in.; 0.008 for 1-in. for clean 
jl, Add 20 per cent for dirty tubes, 


‘Trans, A.S.M.1E,, Vol, 42, 1020, p, 649. ; 


in which 
L = equivalent length of standard pipe to 
consideration, ft. 
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Example 90. 
having j-in. tubes 


Solution. — Substitute C 
d solve, thus: 
ie hy = 0.008 + 6% X 20 -+ 2X 2 = Bile 


ture of the fluid to be controlled. Thus, for cold water, hard 
Homposition gives good results; for hot water and low- ton “ 
Wabbitt metal; for high-pressure saturated steam = me Pe 
| wnd for highly superheated steam, monel metal hs. vai > 
Are of brass for low-temperature sizes under 3 in. am iron i 
) wr sizes and ordinary pressures and temperatures ‘én cast steel 
[ _ The ai | WM! stool for high temperatures and pressures. Globe valves should 
ae pane important oe he wet to close against the pressure, otherwise they could not i> 
ee ave mufficient aaa If the valves should become detached from the stem Globe 
ileal mane and pressure) OF Hivuld never be placed in a horizontal steam return pipe with th 
yatta kinetin shoul d bell Hivwl, because the condensation will fill the pipe about half f i 
BEET there: chould be no pockets or projections for ii fin flow through the valve. Globe valves that are open all da 
ee Sarl be D0. valve Sta M preferably designed with a self-packing spindle, as in Fig. 567 
r , 


—_ late the pressure loss in a 2-p 
at. long if the velocity of flow 18 6f 


= 0.008, L = 20 and » = 61 


Beet setion sich td oc a a are man such nN the top of shoulder C can be drawn tightly against the under 
eat nr ee aa a of only aif und Wf bonnet S, thus preventing steam from leaking past the screw 
_ epee naga gt ordinary globe $ ve | While the spindle is being packed. For low pressures such as are 
oe ds erelgreneda This type of Yate ! " in heating service, a packless valve of the type illustrated in 
* linding favor with engineers. The sylphon bellows encloses 


7 ; 
Fig. 566. Typical Globe Valve, Fro. 567, Typloal Gl 
Screw-top, Inside-screw. Bolt-top, Ow 





Y Ge YY 
Gs 
EX 
Yy, 


Typieal Fia. 569. Typical Low- 
Valve pressure Gate Valve, Valve, Solid-wedge 
? 


5 Ju pie -screw and Bolt-top, Inside-screw 
oke, 





in use for small sizes. Globe valves are designated aa (1) 
and (2) outside screw, according as the screw portion of the) 
the casting, Fig. 566, or outside, Fig. 567. The top, oF } 
screwed into the body of the valve, Fig. 566, or bolted, 
smaller sizes, 3 in. and under, are usually of the sere 
larger of the bolt-top type. Valves with outside yoke 
preferable to others, in that they show at a glance wh 
open or closed, an advantage in changing from one 

The discs are made in a variety of forms, the material 


pein wo that the stuffing box is dispensed with. Small valves 
W'e #uperheater drains are frequently designed of forged 


'o 5783 show different designs of gate or straightway valves 
Offer little resistance to the flow of fluid passing throu h 
tloalgnod with the same range in body design and sibeattals 
Valves, Figure 570 shows a section through a typical cast~ 


== 
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iron, bronze-trimmed valve with solid-wedge gate 
erate pressures and temperatures. For the sake of ill 
is fitted with inside screw. In this design the spindle 
so far as any vertical mo 
and the gate or plug, being @ 
means of a threaded unit, 
when the spindle is revolved, 
tell by its appearance Wheth 
form is open or closed. Val 
are adapted to situations W 
siderable external dirt and 
is enclosed and protected, 
Figure 571 shows a section 
valve with split-wedge gate and 
designed for high pressures 
This particular design is fitted Wi 
and yoke. This construction 
dicator to show whether the vil 
as the hand wheel is sta 


‘i ewcaping and the consequent confusion. With power-operated 
thir opening and closing can be effected at any distant iat b rts 
suitable control system. Both hydraulically, and elect i lly 
ee and globe valves for all purposes are on tte market, ee 
= a a section through a typical hydraulically controlled 
, and Fig. 574 gives a diagrammatic outline of the trol 
al the Northeast Station of the Kansas City . 
® Light Co. All of the valves on the circulatin 
Hea in the condenser well, and also those on he 
Honclors in the boiler room, are provided with 
) ylinders. Oil is used as the operating fluid 
Mipplied at a pressure of 150 lb. gage. The pum 
WMivally started and stopped and the pressure * 
}) is maintained uniform by means of a weighted 
tor, The two ends of the hydraulic cylinder on 
y) communicate with the oil system through a 
pli cock which can be placed at any convenient 
hing the cock admits oil to either side of the 
fl exhausts it from the other, and this in turn 








tionary and the spindle war 
rises in direct proportion to Hive the gate. Admission of oil to the valves 
the amount the valve is (ournulator to descend to such a point that 
4 opened. Practically _ all Mwitch closes and the pump is started. The 
Fic. 571. Typical High- power stations using high- Hien to operate until the demand for oil is over Fig. 573. Typi- 
Pressure Gate Valve, Miunterweight, attached by a cable to the ac ally aan 
, e 


pressure superheated steam 
have standardized on the 
steel-body gate valve with complete chrome nickel 
trimmings. All high-pressure valves above 8 in, 
in diameter should be provided with a small by-pass 
valve, as the pressure exerted against the dise or 
gate is very great when the valve is closed, and the 
force required to move it is considerable. ‘The by« 
pass valve also facilitates “warming up” the section 
to be cut in and is more readily operated than the 
main valve. 
311. Stop Valves — Remote Control. —In the moder 
plant, steam-header and sectionalizing valves and the large 
condenser circulating-water pipe line are usually power 6 
greatly reduces the time of opening and closing tho lange 
mits of remote control. If a bad break should oceur int 
steam line, it would be almost impossible to locate it 
header by hand-controlled valves, on account of the t 


Split-wedge. , teiches its extreme position and opens the Gate Valve. 


A745 shows the general details of an electrically operated high 






Ol Return 
Header 


hie, O74, Hydraulically Operated Valve System 


) wlobe valve provided with a deel i i 
| utching de i 
as without jamming when the motor Sseuiial ieee 
tipping. Tt is also equipped with a self-contained electrical 
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limit capable of breaking the main motor current witht Miansitic disc: codeine) 


ration of the valve by hand will not thing 
a ment. To open oF 


atile liquid having a boiling point 
1 50 deg. fahr. The pressure of the vapor within the "tn a 

























Fig. 575. Dean Electrically Con- 


it is only necessary 


switch 


convenient point. 


trol board is adop 
shows the location of 
operated valves in 
tion of the United 


or push button 


is used for high-presil ft fulcrum. The flat spring R holds the 

- there are usually th * | ilixc against the movable flange M. C 
: (1) a local contre With the 8h pal 
trol: ( | : | the chamber N are two air passages 
iis at some point from /, The thermostat is attached by means 
a v2 | closing the valve may Mews at the upper end to a wall plate 
Mi BKK a remote control itt tly secured to the wall. This wall plate 
i Kee\ close to the door ' Meistering with H and J, one for su ly- 
= room and (3) a remote flor pressure and the other for soriitdoltgg 
point unlikely to be iil Waphragm motor which operates the valve 
flow. Insome plants, ' Air is admitted through H under a 









































tire of 70 deg. amounts to 6 Ib. to the sq. in., and varies with 
mie of temperature, causing a variation in mst 
Wiiens of the dise. The dise is attached by a 
few O to the lever Q, which rests upon the 


W about 15 Ib. per Sq. in., and its pas- 
Hhamber N is regulated by the valve J 
, 


ely held to its seat by a coil spring 





) K is an elastic dia i ; 
trolled Valve Bie ] , with escape valve oe Pn "16, Se ees 
eS supply valves on the | pint of valve L. Valve L tends to ee 
ss Lal ti by reason of the spring. When the temperature rises suffi- 
Geauney, nwaies be = AI oq io of the dise U first causes the valve to seat, its spring 
on psig dey oe || % eX b * than that above valve J. If the expansive motion is con- 
irect-acting ‘ 


thermostat, or by a thermo- 
stat of the relay type which 
controls the motive power 
actuating the valve. The 
direct acting controls are 
usually of the sylphon type 
in which a small tempera- 
ture variation effects a con- 
siderable change in length 
of the bellows. This change 
in length opens and closes 
a balanced stop valve. 

Figure 577 shows a sec- 
tion through a Powers 


Stack No, 1 







ae 
ninj= 


Stack No, 2 


Pd 


oe 





= 


' 
i 


het 











oe 


| 
ae 


D4 Motor-operated valves tel Throttle valvee 


Fia. 576. 


thermostat illustrating a relay type of 


ply of compressed air to a stop v 


alve of the diaphragm 


D4 Hand-operated , 
Location of Eleotrioally 
Hell Gate Ste 


mechanism for ? 








tinued, valve J is lifted from its seat and com- 
pressed air flows into chamber N , exerting a pres- 
Sure upon the elastic diaphragm K in opposition 
to the expansive force of the disc. If the tem- 
perature falls, the disc contracts and the over- 
balancing air pressure in N results in a reverse 
movement of the flange M, permitting the escape 
P valve to open and discharge a portion of the air: 
] thus the air pressure is maintained always in 
i direct. proportion to the expansive power (and 
; temperature) of the dise U. The passage I com- 
Py pion! municates with a diaphragm valve, Fig. 578 
Valve ‘The compressed air operates the diaphragm against 
® coiled spring resistance, so that the move- 
Jonal to the air pressure and the supply of steam is 
lingly, ‘The adjusting serew G, squared to receive a key 
by means of which the thermostat ean be set to carry 










———— 
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lwenuse it is intended to act as a non-return valve as well as to cut: 
low when a-predetermined pressure drop occurs on either side of the 
Neferring to Fig. 579, valve disc V and piston P are secured to 
 #lem so that the latter rises with the lift. Piston P acts as a 
, § double cushioning effect being established by the confined 
Mund S’. Steam from the lower side of the valve disc passes 
by-pass B into the upper chamber U and through opening 0 
iilar space S. When the pressure on both sides of the disc is the 
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i ithin its range, usually fror 

desired temperature within 
eaananitsti the temperature adjustment, lever Q forces 

farther from the flange M. e a 

ss In connecting up the system, compressed air is oa 

and diaphragm valves, from a reservolr, through sm 7 

In the indirect system of heating, the dampers oan 

type and the method of regulation is the same as wl 



















Sectionalizing and Remote Control of High-pressure Steam Lines} i the steam in space S is confined so that it cannot escape, the 
1923, p. 483. June A Is balanced and the valve is free to move. Annular space Sis 
Blectrically Operated Valves: Power Plant Engrg., June 1, 102i; ‘ the pilot valve. In case the pressure on the lower side of the 
Closing Valves. —In addition to the Hildenly lowered, as in case of a tube blow-out, the disc will close 
312, Emergency Ives which can be quickly closed fi the reversed flow. On the other hand, in case the pressure on 
power-actuated stop kang valves on the market intent f wide of the dise should drop below a predetermined amount, the 
gency, there are & mK i) f the simplest of these is the ye, which is connected to this side of the line, will release the 
ener cy. SeryICe.. INP : to the weighted check illustralt ii annular space S, and the excess pressure in chamber U will 
which is similar in principle t ice which may be ope Vilve to its seat. The steam pressure acting on the lower side 
ise is held open by a trigger device w ; 4 aN 
The disc is he pe 1 push button, or automatically by lit valve may be automatically released by the lifting of the 
by a cord or electrical pus ; ‘ ve ‘line (as when the pressure in the small lead from pilot valve 
(ropa), or an electrically operated trip may open the pipe to the 
m In case of a large and sudden drop on the upper side of the 
A= Hietic energy of the steam acting on the bottom of the dise will 
== Mefard and may even overcome the differential pressure acting 
' ¢ 
r the piston. 
4 , fereturn or Stop-cheek Valves. — Where there are two or more 
1 Hieeled to a common steam header, each boiler should be pro- 
i) wutomatic return valve to prevent re- 
Hl H flew, ‘To be successful, such a valve should 
ae anna Will! the pressure in the boiler is equal to or 
wer than that in the header; it should 
Hh wad become inoperative nor chatter and I E 
Fia. 579. Typical Triple-acting Ma. pi While performing its duty. Figure 580 SON 
"Emergency Valve. i ‘ion through a typical automatic non-return Yj —N | 
* will be seen from the illustration, is a ' 

‘a stisdeataiiedae ho weight a hw wi red A LR 
speed variation. Releasing this trigger pi t eal 4 f Mishioned check valve with a detached N ISS, 
disc-shaft lever to drop, which in turn ate sides of for seouring the valve to its seat in case ala a 
pass is provided so that the ie coms open posltlall 10 be held closed. In some designs the 7) VW 
equalized when the valve is restore Mfeot in produced by an exterior spring con- 


laced on turbine and engine leads Bees 


type are commonly p A inped auton l suitable linkage to the dise instead of Automatic | Non- 
mechanism is arranged so that it may pane cola pot ns illustrated in Fig. 680, In the return Valve, 
unit overspeeds, or manually from some i" lw " blowing out” in a boiler to which a 


Figure 579 shows a section through the valve bod 


in connected, the valve will instantly and automatically 
i i { a triple-acting ve ad, 
similar view of the pilot mechanism © 
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close, cutting out the boiler and preventing a back low 
the main. It will also act as a safety stop valve, 
from being turned into a cold boiler while men are 
cause it cannot be opened when there is pressure On 
only. 
Electrically operated non-return valves are also in Us@, 
is the same as that required on triple-duty design (#60 
with the exception that the valve stem is driven by a mo 
gearing. 
For a description of a series of low-pressure-loss 7 
consult Report of Prime Movers Committee, N.E.LA 
p. 42. J 
14. Check Valves. — Figure 581, A to D, ill 
types of check valves in most common use on water Ih 
check, B a cup or disc check, C a swing check, and )) a 
Occasionally the valve body is fitted with a valve 


Wow-o Cocks and Valves. —The requirements of a good blow- 

ive that it shall furnish a free passage for scale and sediment, 

Mall close tightly so as not to leak, and that it shall open easily 

Micking or cutting. On account of the rather severe service to 

{ wh valves are subjected, they should be made very heavy, with 
Wearing parts. 

M8 gives a sectional view of a Crane blow-off valve suitable for 


Piemure. The body and bonnet are of cast steel and the seat of 
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WY Crane Blow-off Valve. Fig. 583. Lunkenheimer Blow-off Valve. 


|, The dise is designed to form a throttling lip with the 
Hi! woule cannot lodge between the seat and disc. Figure 583 
‘ion through a Lunkenheimer blow-off valve suitable for 400 


Fra. 581. Types of Check Valves, 






































holding the disc against its seat, in which case it ia ¢ The body and bonnet are of cast steel 

check. In A and B, the valve seat is parallel to the df Hiitings of monel metal. The effect of 

the valve is held in place by its own weight and by fi and the consequent rapid erosion of 

fluid in case of reverse flow. In the swing cheek, the wurfaces are minimized by the piston- Dr seit 
of about 45 deg. to the direction of flow. The latter Which, as the valve is closed, fits con- \ Vv eam 
ferred as it offers less resistance to flow and there it Within the cylinder above the seat. Wingy 
impurities to lodge on the valve seat. By extendit “Wi shows a section through a typical W ISLEY 
swing through the body of the valve, a lever and wel ih of the straightway taper-plug pattern We aN V4 YH} 
as in D, and the check will not open except at a pre ‘hin cam. Plug cocks are sometimes | Bs) a) 
the resistance of the weight. It thus acts as © Me Mitling, but they are not suitable for V7 wl) 
same time prevents a reversal of flow. Stop checks tl ehould be used only as a protection 2 —; 

in boiler feed lines close to the boiler, and, when looked, fe of the blow-off valve. Fia. 584. ‘Typical 
stop valve and permit the piping to be dismantled of fweoll outlet of each boiler in a battery Blow-off Cock. 

to be reground without lowering the pressure on Miipped with a blow-off cock or a Y 


wear on check valves is excessive and necessitated 


they are often mounted with regrinding disca, | 
be “ground” against the seat without removing 


Hye between the boiler and the blow-off valve, as shown in 
hon & boiler is blown off, the cock or Y valve should be 
/ wid the blowing-off operation controlled by the blow-off 


4 
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valve. After blowing, the blow-off valve should be ele 


the cock or Y valve. lms given it its name, and it also cl 


Bee fallené oses suddenly when the 


These valves are arranged so that the spring tension 


Blow-off Valve juried wi 
sé varied without taking them apart, and provision is made for 


J the seats by means of a lev: 
< er. The seats are of solid ni 
Ne ophaef ; miter ickel or 
CP » q the be st foes to minimize corrosion. coat 
ve Winercial rating of a safety valve is based 
, : H/% when the valve is closed. “pon «eaeweremed 


Hiimber and size of safety valv i i inari 
I hy insurance, city, or state ae cnet 
in method for determining the size of safety valves is to mak 
Al Opening at discharge sufficient to take care of all stear vate 
i¥Xiinum load without allowing the pressure to rise moreie & 
thove the maximum allowable working pressure, thus: boysr 





Fia. 585. Arrangement of Blow-off Valves ant OW 


$16. Safety Valves. — The dead weight is the simplt 
valve. The valve is held on its seat against the boiler pn 
iron weight. This type has the advantage of great 


be least affected by tampering, since it requires 80 1 W = maximum weight of steam discharged, lb i 
additional amount which would seriously overload it © offective discharge area, sq. in. pp PSE AT., 
detected. ?’ » boiler pressure, lb. per sq. in. a 

In the lever-type of safety valve, the valve is held I, = lift of valve, in., ner pind 
loaded lever, thereby permitting the use of a much smal K & coefficient determined by experiment 
“ dead-weight ”’ type, since the resistance is multiplied ty 1) = diameter of valve, in. ‘ 


long arm of the lever to the short one. The proper pe 
is determined by simple proportion. The use of 

“ dead-weight ” or “ lever” 
sure service is prohibited in U, 


Hie to 


Napier’s rul : 
Prificon P e for the discharge of steam through unre- 


W = 3600 PA/70 = 51.4 PA, 





and in most states and slit 7 (280) 
discontinued since these if 00 for restriction of orifice (A.S.M.E. Code) 
unreliable but possess W = 49.3 PA 
advantages when compared , (280a) 
loaded device. Hatewonted valve, A = rDL 
Figure 586 shows a section > its 
pop safety valve in which the WW = 155 PDL and D = 0.00645 W/PL. (2808) 
resisted by & spring. This Me alinoat universal 45-deg. seated valve 
practically supplanted all of nits 
‘ o>.» boiler pressure acting Upon =. nDL sine 45 deg. 
586. T ‘ ‘ 
ReanbGes Tygon iP valve V is resisted by the YW 109.7 PDL and D = 0.00911 W/PL. (280c) 


Safety Valve. . 
As soon as the boiler prone 


sistance of the spring, the valve lifts from its seat anc 
through opening O. The static pressure of the 

of its reaction in being deflected from the surface & a = 0.2074 w/P (280d) 
open until the pressure in the boiler drops about 
which the valve is lifted. The additional area 
pressure when the valve lifts causes it to open 


"it rule of the United States Board of Supervising Inspectors 


the safety valve in sq. in. per aq. ft. of 
Water evaporated por aq. ft. of mae hn adel 
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This rule assumes a lift of 1/32 of the nominal dij 
cent of the flow calculated by Napier’s rule. The 75} 
nearly to the cosine of 45°, or 0.707. 


Waek-pressure and Atmospheric-relief Valves. — These valves are 
purpose of preventing excessive back pressure in exhaust pipes. 
MH Pendensing plants, such valves are designated ag back-pressure 


: 
fil in condensing plants as atmospheric relief valves. In the 


Example 90a. — A boiler at the time of maximum 
of screened-nut Illinois coal per hr.; heat value 12,11 
boiler pressure 225 Ib. per sq. In. gage; feedwater 200 de 




























the size of safety valve. rk * at —- 
. . . ‘ i 
Solution. — Assuming a boiler efficiency of 75 per € | | ole-ole-alc! oh ores 









mum evaporation is . 
W = 2150 X 12,100 X 0.75 + 1083 = 18,880 


(1033 = heat content of 1 Ib. of steam at 225 Ib, 
fahr.) ‘ee 
Assuming a lift of 0.1 in., we have, from equation ( 


D = 0.0091 X 18,880 + 240 X 0.1 = 7 
According to the A.S.M.E. code, two valves would 


sidering two valves having the same lift as the dn it 
of sain for the given condition would be 7.17/2 = 3.8 | 





G. 

Reducing Valve 
800 Ib./ 200 Ib, 
” 


of 


The following rules pertaining to safety valves : 
A.S.M.E. Boiler Code: , 


Each boiler shall have two or more safety valves, | 
which one safety valve 3 in. in size or smaller is req 
One or more safety valves on every boiler shall be 
maximum allowable working pressure. The 
set within a range of 3 per cent above the maxinnul 
pressure, but the range of setting of all of the valves On | 
exceed 10 per cent of the highest pressure to which any ¥ 


Pin, 07 Arrangement of Safety-valve Piping. L Street Station. 


valve is usually adjusted so that a pressure of 1 to 5 Ib. above 
jhore is necessary to lift it from its seat; in the latter, the valve 
WHul atmospheric pressure. They are practically identical in 
#, differing only in minor details. 
Kage in the back-pressure valve is 
Heequence, but, in an atmospheric 





Each valve shall have full-sized direct connection 1 Mibmny seriously affect the degree 
valve of any description shall be placed between the til throw unnecessary work upon 
boiler, nor on the discharge pipe between the safoty Miap} honce, it is: customary to af 
pines. |” the latter, Figure 588 shows 


Every superheater shall have one or more safety valyee 
whose discharge capacities may be included in deter 
and size of safety valves for the boiler if there are nol 


rough a typical back-pressure 
Hie valve proper consists of a single 
# vertically, The valve stem is 


between the superheater safety valve and the boiler Mots piston. or-‘dashnot vith = C 
capacity of the safety valves on the boiler, as distinat Widen closing or hammering. The Fia. 588. Typical Back-pres- 


sure Valve. (Single-seated, 


i f the total valve om 
heater, is at least 75 per cent o pacity Spring-loaded.) 


The complete A.8.M.E. Boiler Code may be pureli 
ican Society of Mechanical Engineers, New York Cit; hs 


The How and Why of Safety Valves: Power, Sept, 4, 1028, 


line the valve against its seat is 
tH epring, When the back pres- 


#eator than atmospheric plus that added by the spring, the 
i ite seat and relieves it, 
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ule in sizes 3/4 to 6 in., the multi-flap 7 to 16 in., and the dise 
ill commercial sizes from 3/4 to 36 in. For large sizes, 16 to 
he tulti-dise valve is given preference, since a number of the 
lw disabled without destroying its operation. 


Figure 589 shows a section through a back-pressure 
seated, lever-loaded type, in which the resisting jp) 
means of a lever and weight. 

Figure 555 shows the application of a back-pressure ? 
heating system. 

Figure 590 shows a section through a typical atme 
Opening B is connected to the exhaust pipe and oper 
atmosphere. Under normal conditions of operation at? 





Outlet 


(B) 
Fia. 592. Typical Foot Valves. 





Hielng Valves. — It is frequently necessary to provide steam 
jemsures in the same plant, as in case of a combined power 
lant, or for supplying low-pressure steam to turbine glands. 
ls rowult, the reduction in pressure is accomplished by passing 
though a reducing valve, which is but an automatically operated 





2 ( ve 
> (“ 
ree Re DW shows a section through a reducing valve of the diaphragm- 
shi os hah 6 AN pherio-relief Valve. Millable for moderate initial pressures and temperatures. The 


low-pressure steam acts upon 
the top of flexible diaphragm 
D, and the weighted lever 
»  & (which can be adjusted 
to give the desired reduc- 
tion in pressure) acts upon 
the other side. The move- 
ment of the diaphragm 
causes the balanced valve V 


Lever-loaded.) 


holds valve V against its seat. Water in groove 8 
seat and prevents air from being drawn into the cone 
pressure in pipe B becomes greater than atmonp 
from its seat and is relieved. Piston P acts a8 & ¢ 
the valve from slamming. 

Figure 591 shows a section through an atmosphere 
the weight of the valve is counterbalanced or even & 
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adjustable weight and lever, thereby permitting the nid bbe. Appt. end. ff, the poe Diy y 
below atmospheric pressure, as may be desired. spindle to open or close KY Q 


RERC ' 
a ae os : S ASS 
318. Foot Valves. — Whenever a long column of wi | | aceording to the variation in \e4 ‘A 


3 | 


SULDLLIL LY 





; Y G 
in éither a suction or delivery pipe, it is customary 10 7) Bia! Ito the low-pressure line. Iner- c 4 A 
near the lower end of the column to prevent the water haves tia weights T and C prevent 4c S 
when the pump reverses or shuts down, ‘The check ¥ ain, ) Chatooring.. Angel Pe opin 
end of the suction pipe is called a foot valve. Any ob igure 594 shows a sec- : 


' ] i A 
& reducing valve of the spring- net 


own type suitable for high initial pressures. The move- 
lve ln accomplished by the reduced pressure acting through 


(Naphragm is resisted by spring S, the tension of which 
to wut, - 


used as a foot valve, though practice limits the choloe 
‘type as illustrated in Fig. 592. To prevent rubbiah 
action, a strainer or screen is generally incorporated 
valve. A, Fig. 592, illustrates a single-flap, Bw mul 
valve composed of a nest of small rubber valves, 























































778 STEAM POWER PLANT ENGINEERT PIPING AND PIPE FITTINGS 779 


Auxiliary valve A is held in contact with the di 
valve spring S’ and moves up and down freely with t 
soon as auxiliary valve A is open, steam passes up 
valve chamber through the set of holes shown under the 
the valve seat and out through the upper set of holes 
with port WN leading to the space around the lining, 
the same and under piston P. 

By raising piston P, main valve V is opened agair 
sure, because the area of valve V is only one-half that” 
steam is admitted to the system. 

When pressure in the system has reached the required 
by spring S), diaphragm D is forced upward by the 
which passes up through port X to chamber O ung 
allowing valve A to close, thus shutting off steam fro 
valve V is now forced to its seat by the initial pressure 
from the system and pushing piston P down to the ba 
The steam beneath piston P exhausts freely around th 
fitted loosely for this purpose) and passes off into the ay) 

In practice the main valve does not open or clos@ 
slight variation of pressure, but assumes a position 
the amount of steam required to maintain the reduced ji 

Piston P is fitted with dashpot C, which prevents chatt®) 

Reducing valves of the types described above for 1 
pressure high-temperature steam to 5-10 Ib. gage iti \ 
are still in an experimental stage. Two reducing 
intermediate receiver for damping fluctuations have been 
in this connection. A pressure-reducing valve for high 
peratures, consisting of a standard globe valve act 
Dean Control, is described in detail in the 1923 Repo 
of the Committee on Prime Movers, N.E.L.A. 

Reducing valves should always be by-passed to pert 
out shutting down the line. Care should be taken not 
reducing valve, since the valve lift is very small and the 
the less will be the lift for a given weight of flow and Om 
greater the wire drawing and erosion of the valve seat, 


i, O. D. +-in thick, steel pipe quarter bend having a radius of 60 in, is 

tl and free at the other. What axial force at the free end is required to 

i, in the direction of the force. 

} 1 200 lb. abs. pressure is conducted through a bare standard 3-in. pipe, 
If the temperature of the room is 80 deg. fahr. calculate the total heat 

, 


nee is covered with a single thickness of “85 per cent Magnesia”’ determine 
Hh hint, 

Willie the conductivity of the covering in Problem 5, per inch of thickness. 
Wine the size of steam pipe suitable for a 10,000-kw. steam turbine using 
per kw hr., initial pressure 215 Ib. abs., back pressure 2 in. mercury, super- 
tebe. if the pipe is 150 feet long and the pressure drop is not to exceed 
ul Hi, por 100 ft. 

im! wloam at 125 Ib. abs. initial pressure is flowing at the rate of 20,000 
High o standard 6-in. pipe, 2000 ft. long. Calculate the probable pressure 


ie the initial pressure necessary to deliver 400 gallons of water per 
1) « «in, standard pipe 1500 ft. long, fitted with two right angle elbows 
valve, The water is to be discharged into an open tank. 

Winy gallons of water will be discharged through a straight length of 
| ipo 10,000 ft. long if the initial pressure is 100 lb. per sq. in., and what 
Piewiive at the discharge end? 

6 (the number and size of safety valves for a 500-hp. boiler designed 
# H4ximum load of 300 per cent above rating; boiler pressure 250 Ib. abs. 


PROBLEMS 


1. Determine the increase in length of a 10-in, O, D, fein, thiak 
(60 deg. fahr.) and when conveying steam at 400 Ib, per aq, in, 
750 deg. fahr. 

2. A 12-in. double-offset expansion U-bend having a radiua 
an expansion of 1 in, Required the maximum bending strom It 


























































LUBRICANTS AND LUBRICATION 781 


pecially in the presence of heat, and set free acids which attack metals. 
hey are seldom used in the pure state and are usually compounded with 
Wineral oils. The animal products used in this connection are tallow, 

i\l's-foot oil, lard, sperm, wool grease, and fish oil, the first-named being 
» most important. In cylinder lubrication, especially in the presence 
Moisture, the addition of 2 to 5 per cent of acidless tallow seems to make 

vil adhere better to the metal surfaces and increases the 


tot, while the proportion is so small that ill effects from Cc 
iiming are scarcely perceptible. 


CHAPTER XVII 
LUBRICANTS AND LUBRICATION 


lubricating 
orrosion or 


Awimal and Vegetable Oils: Power, Nov. 3, 1914, p, 636. 
Compounding of Lubricating Oils: Power, Apr. 4, 1922, p. 535. 
Lubrication and Lubricants: Power, Sept. 15, 1920, p. 875. 
erm Process of Lubrication: Nat. Engr., July, 1920, p. 312. 


. — The losses due to the friction of the work ; 
veh re icde considerably more than the a. ae aaa 
Be deprcci tion resulting from the wear of ea : 
= ie and the expense arising from accidents aie 
ee tub fe ‘anal Perfect lubrication is one of the a an 
ee Ltr eset operation of a plant and esi sa: va a 
ne and other high speed machinery. he oS 
. i of lubrication involves not only a qi =n 
Pe ode and points of apna eo < a . 
lation if the system is a meee’ Nett ee . 
ee ed Kg. ainoanrt simple compared with pre L 
Oe iastaliction. The operation of fe Ea tie 
icati re an 
Sacagy ee iis peat the requirensaae . 
Ores. oe and of greater importance. High ee. a 
suf Pes unit bearing pressure, small clearance, at ry . 
hi | approach of journal and bearing due i pe : 
Se ecttling and expansion of the oil, its heating 
? 


important fac 
tamination with impurities in the system, are all impo: 


i ication and 1 
particularly considered in steam turbine lubricatio 


ith i wer Pp 
The lubricants most commonly met wae wy re 
ape eniently classified as oils, greases, anc <a 
ri : Sy iat though animal and vegetable om his 
ee edge or adulterating the mineral ea os “social 
1. Oils. — Vegetable Oils. — Except for c¢ meee 
4 i ounding with mineral oils, these Vegans ' 
pig Bes tional value, since they decompose © rp | 
: at res and have a tendency to become thick an ype: = 
vale oils sometimes employed a sopra peters 4 pes is 
} ats, — Many animal fa Z Ps 
cae iieers oils of corresponding ase ac’ Bed chleaa 
account of their unstable chemical oo mee 


Mineral Lubricating Oils. — These are products of distillation of crude 
foloum and form by far the greater part of all lubricants. They 
‘nt & wider range of lubricating properties than those derived from 

ial or vegetable sources, the thinnest being more fluid than sperm 
(he thickest more viscous than fats and tallows. They are not easily 

lived, and they do not decompose, become rancid, or contain acids. 

Puce Oils are grouped in three series: those of paraffin, asphaltic and 
aphthene base. There is no sharp line of demarcation between 
) mroups, since most crude oils found in all fields may contain mixtures 

Yiriable percentages of hydrocarbons belonging to all three series. 
) individual hydrocarbon of any of these series has distinct physical. 

wrties, and when mixed with others the mixture frequently has prop- 

(uite different from what might be expected of the several distinct 
fourbons which it contains. The hydrocarbons are difficult to 
fle and when an attempt is made to separate one compound, other 

Wearbons, both lighter and heavier, also separate from the crude. 

fefore, all commercial mineral lubricants are mixtures of a number of 

Mourbons. While preference has always been given to lubricants of 
inecrude origin, improvement in refining is placing many of the 

tants derived from asphaltic-crude oils in active competition with 

former, 

, Greases. — Under this name may be included the various com- 

ils which consist of oils and fats thickened with sufficient soap to 

, \ ordinary temperatures, a more or less solid grease. Those 
ly employed are lime, soda, or lead soaps, made with various fats 

Wn,“ Engine ” greases are thickened with a soap made from tallow 
| oll and caustic soda, and often contain neat’s-foot oil, beeswax, 
like, For exceptionally heavy pressures, graphite, soapstone, 
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and mica are sometimes added to the grease. — a a 
of the characteristics of a number of greases. . —_ » 
Apr., 1911, p. 293.) ‘The friction tests were made roe - 
oil-testing machine, 320 r.p.m. and bearing eae: we ; 
of projected area. These results are purely compa: a i 
conditions of rubbing surfaces, speed and hres _ 
greases tested on a large Olsen oil machine, cons 


(c) No. 3 cup grease shall contain approximately 18 per cent of calcium soap. 
(/) No. 5 cup grease shall contain approximately 24 per cent of calcium soap. 


Consistence. —'These greases shall be similar in consistence to the approved trade 
idards for No. 3, No. 1, No. 3, and No. 5 grease. 


Moisture. — The grease shall be a boiled grease, containing not less than 1 nor more 
i 3 per cent of water when finished. 


Corrosion. —A clean copper plate shall not be discolored when submerged in the 
in for 24 hours at room temperature. 
Auh. — The ash content shall be as follows: 


No. } grease: The ash shall not be greater than 1.7 per cent. 
No, 1 grease: The ash shall not be greater than 1.8 per cent. 
No, 3 grease: The ash shall not be greater than 2.3 per cent. 
No, 5 grease: The ash shall not be greater than 3.5 per cent. 


TABLE 102 
LUBRICATING CHARACTERISTICS OF A NUMBER OF GREASES 


Melting |’ per Cent 








T Class Point, Soap Pillers. — The grecse shall contain no fillers such as resin, resinous oils, soapstone, 
“es aed od §, \ulc, powdered mica or graphite, sulphur, clay, asbestos, or any other filler. 
a —————— All tests shall be made according to the methods for testing lubricants adopted by 
A Mineral Summer ee bs Committee on Standardization of Petroleum Specifications.” 
ineral....... i 
B ppl (eee Seated 165 23 Hovernment Specification for Greases: Tech. Paper 323, Bureau of Mines, 1922, 
4 Rinocall | Winter 163 16 Commercial Lubricating Greases: Prac. Engineer, U. 8., Apr., 1911, p. 293; Tests of 
# Miner al vg Ree _ a 4 “0 Lubrication: Ibid., p. 295. 
F Tallow No. 3..| Win 20 21 
G ee hae XX neeecc’ aft aa 0 >|. 4, Solid Lubricants. — Dry graphite, soapstone, and mica are some- 
sa ct # used as lubricants, though they are usually mixed with grease or 
Es Li ‘They cannot easily be squeezed or scraped from between the sur- 
* & m 7 . . 
Gant ietion pre Rogie #, und are consequently suitable where very great weights have to be 
ean Alter 3 Hr. | Room, Degs. Fab. lel on small areas and when the speed of rubbing is not high. The 
lwient of friction of such lubricants is high, and, when economy of 
OY eT eS 
rebar 25), Faye IR OE. 2 0:075 * 
B Mineral......---.+0se etree Fs i 76 
C@ Mineral.......---+0+eer ete Ose 69 
D Mineral..........+2es0e0r0 ts 0.048 58 
E Mineral.........-++++ee00003? 0.012 38 
F Tallow No. 3......--++++5+50° 0.018 45 
G Tallow No. XX.....--.--+-+5 5010 13 





H Lard oil.......-----+2 sere 


The following specifications cover the grade of cup a 
U. 8. Government for the lubrication of such iy te) wees 
and other machinery as are lubricated by means 0 nee a 

“The genes Sh aa nao fatty acide and Bighy 
ies olga er in ple ie ‘the soaps shall be a sg wit 
with a Saybolt viscosity at 100 deg. fahr. of not less than 100 seconda, 











Fia. 595. Tests of Graphite Mixed with Various Lubricants. 


' is essential, better results may be secured by the use of liberally 

portioned rubbing surfaces and liquid lubricants. Under certain con- 
fw of pressure and speed, these lubricants will sustain, without injury 

i surfaces, pressures under which no liquid would work. 

Hloceulated graphite suspended in oil or water, and designated com- 

wlly as “ oildag” and “ aquadag”’ respectively, is finding favor with 


Propertins AND ‘THsTS 
Soap content. — The content of soap for the several grades shall be aa 


" f t calolu 
grease shall contain approximately 13 per cont o 
®) ne 4 aid grease shall contain approximately 14 per cont of calel 





sad See S ‘ — — 
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Hovernment specifications must necessarily be followed for lubricants 
Wilended for all agencies of the Government. 


Report of Committee on Standardization of Petroleum Specifications: Bureau of Mines, 
il, No. 5, 1921. 


Npecifications for Petroleum Products: Bureau of Mines, Tech. Paper 8238, 1922. 


many engineers. Graphite in this defloceulated ae a 
pended indefinitely in water and oil, readily Bator 0 a j ‘ 
great wearing properties, and is easily applied to % ie " 
From numerous and long-continued trials 1t appears by | 
serves adequately for all purposes. pews eee a 
graphite in combination with various carrying Hulds 


595. 


* Lubrication with Colloidal Graphite: by C. F. Mabery, Jour. Indus. 
Chemistry, Vol. 5, No. 9, Sept., 1913. 


The complete test of an oil consists of three parts: Chemical, physical, 
il practical. 
#6. Chemical Tests of Lubricating Oils. — In a general sense the great 
ority of specifications require that all oils should be neutral in reaction 
(| should not show the presence of moisture, matter insoluble in petro- 
i) ether (hard asphalt), matter insoluble in ether alcohol (soft asphalt), 
sulphur, charring or wax-like constituents, naphthenic acids, sul- 
mated oils, soap, resin or tarry constituents, the presence of which 
jontes adulteration, or lack of proper refining. Except in compound 
jricants no traces of fixed oils (animal or vegetable fats) should be found. 
Approved fixed oils, such as rapeseed, olive, tallow, lard, and neat’s-foot 
i, nny be used with lubricating oil for main engines without forced lubri- 
jon, When the foregoing fixed oils are used, they must be well refined 
{)\ alkalies, unadulterated, containing a minimum of free fatty acids, 
{)} no moisture or gumming constituents. Olive oil should not have 
high specific gravity. If satisfactory emulsifying results can be ob- 
fied with straight mineral oils on engines without forced lubrication, 
y may be submitted for service test. 
The most satisfactory procedure is to have the various tests made by 
fmpetent chemist; but since a number of plants are provided with 
ioessary equipment, the tests which are conducted by a large central 
jon (and which are representative of current commercial practice) will 
tlescribed in a general way. 
Sulphur. — Boil about 50 ce. of oil with a piece of bright metallic 
lum for half an hour; add water, heat and stir until the sodium is 


$24. Qualifications of Good Lubricants. — A good lubricar 
possess the following qualities: » 
(1) Sufficient “ body ” to prevent the surfaces from coming 
iti i re. 

tact under conditions of maximum pressu 
(2) Capacity for absorbing and carrying away heat. 
3) Low coefficient of friction. y 
3 Maximum fluidity consistent with the “ body ” required, — 
edom from any tendency to oxidize or gum. a 
‘O pny “flash point” or temperature of vaporization 
congealing or “ freezing point.” 


(7) Freedom from corrosive acids of either metallic or animal 


325. Testing Lubricating Oils. — There is no qe ae 
lubricant best suited for a given set of conditions can ae ‘ 
by an actual practical test under service papers a L- 
individual problem, since certain grades and qua. dare a 
perfectly in some cases have proved entirely ro is "a 
where the conditions appeared to be exactly th e be a ' 
in order to avoid needless experiment and to es the nae . 
able lubricants to a minimum, it 1s desirable to know ce 


he particular lubri¢ ilved; pour off the water and test the remainder with a fresh 1 per 
istics which will indicate whether or not the pa “td a _ lndthaerpny olscnciantiate eregeamestetaltn > ) 
ca che ote oe incense which he # oil contains sulphur. When sulphur is found, the following test for 
of the pet 
mk seria espesbeopead tata qualifications of their produc Phonated oils is made. 
a ne of conducting a series of preliminary on ident sok wuss ad 
out of all proportion to the actual cost of the lubricant, “The 


pproximately 1 gram of oil is weighed into the calorimeter cup and 
‘| in the bomb, which contains 20 ce. of distilled water. The purpose 
the water is to absorb the sulphur trioxide formed from the oxidation 
® sulphur, converting it to sulphuric acid. The ignition wire is 
hed to the terminals of the bomb, the center of the wire dipping 
the oil, Fine platinum wire should be used for this purpose, The 


i be worth while to eof 
, on the other hand, may find it to 

staged series of tests before drawing up contracts for the oil 
All tests should be conducted in geen i a 
i ingle standard. Io ne 

unfortunately there is no sing) 
ollie should be given to the standards advocated by the 
Society of Testing Materials issued triennially by the Soe 
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T'o Detect Fixed Oils. — Heat 10 cc. of oil with a small piece of metallic 
fodium. If the mixture becomes gelatinized or a semi-solid, it indicates 
the presence of fixed oils. If an equal volume of oil is heated alone to 
the same temperature, the viscosity of the two samples can be compared; 
if the oil contains fixed oils (animal or vegetable oils), the sample with 
Mium will be much heavier than the sample heated alone. 
Wflect of Heat. — Heat 5 ce. of oil in test tube over flame until vapors 
evolved, and compare the color of the heated oil with that of unheated 
ls, If the heated oil turns black, it shows the presence of undesirable 
thon or hydrocarbons. 
Carbon Residue. — (A.S.T.M. D47-21.) The tests 
follows: Ten grams of the oil to be tested are weighed in the porcelain 
Wible a which is placed in the Skidmore crucible b, and these two cruci- 
set in the larger iron crucible ¢, care being taken to have the Skidmore 
Wwible set in the center of the iron crucible, covers being applied to the 
\more and iron crucibles. Place on triangle and suitable stand with 
wtos block, and cover with sheet-iron or asbestos hood in order to 
lribute the heat uniformly during the process. 
Heat from a Bunsen burner or other burner is applied with a high 


bomb is then closed and oxygen ear re apie ae : 
i is pressure is 0 ) 
ae Mics From 10 to 15 minutes is a | 
for the complete eon a br niger bas oe <a 
SPT the bomb bas pits reduced to atmospheric | 
the noni is opened and the inside rinsed with distited a 
ings being collected in a beaker. The solution a — 
either with ammonium yea mye sigvdide aa 
heated to completely precipitate A ee 
te is then acidified with hydrochloric acid, 
a a chloride is added drop by et a ae bh 
cipitant is present. The solution is then allowe ° ean 
the hot plate to obtain complete precipitation 0 an 
The precipitate is then filtered, washed, dried, ignited, an 
ee < Negra’ D47-18.) Accurately weigh 10 g. of 
a flask, ada 50 cc. of 95 per cent alcohol which has rene pre 
weak caustic soda, and heat to the boiling are nud 
thoroughly in order to dissolve the free fatty a est me 
sible. Titrate while hot with aqueous tent Spee) sr “i 
carbonate, using phenolphthalein, alkali pre tu 
agitating thoroughly after each addition of alka % ——- 
To express results as percentage of oleic acid, us ae 
tion: 1 cc. of tenth-normal alkali = 0.0282 yes i as 
1 cc. of which is equivalent to 0.5 per cent of oleic acid, 


shall be conducted 


ite over the crucible, when the heat is slowed down so that the vapor 
ne) will come off at a uniform rate. The flame from the ignited 
ors should not extend over 2 in. above the sheet-iron hood. After 
vapor ceases to come off, the heat is increased as at the start and 
it wo for five minutes, making the lower part of the large crucible red 


P | tible is uncovered. The porcelain crucible 1s removed, cooled in a 
‘fication. — (A.8.T.M. D94-21T.) Weigh 10 g. of oil he terion 
Saponification. ty Add from a pipette 50 cc. of the hontor, and weighed. i 
350-cc. Erlenmeyer Hi ‘ti followed by 25 ce. of the purified The entire process should require one-half hour to complete when heat 
. - n too . 
potassium hydroxide solutio 


(CsH,). Connect with a condenser loop. Boil on steam ies ( 
hot slate for 90 minutes, shaking occasionally. a * , 
of neutral gasoline, and titrate with the half-normal ae 
solution after adding 2 or 3 drops of the sriestaeatns a 

i i i The absence of the 

til the pink color is destroyed. 
Meaiced after the titration has penne slaving oe fries 

i i d noting the ¢ 
+ approximately a minute an . 

ee ois with the same mixture of alcoholic pan 
solution and purified benzene. From the difference between 


Poperly regulated. The time will depend somewhat upon the kind of 
tented, as a very thin, rather low flash-point oil will not take as long as 
vy, thick, high flash-point oil. 


‘wrrosion Test.— A clean strip of pure copper about 1/2 in. wide 
# in, long is heated to redness in a Bunsen flame, and while red hot 
fopped into alcohol. The strip is then allowed to dry as quickly as 
ible in the air and dropped into a sample of the oil contained in a 
tube. About half the length of the copper strip should be submerged. 
owt tube is then closed with a stopper and left to stand for twenty- 
: : ry hours, At the end of this time, the copper strip is removed and 
of cubic centimeters of half-normal acid required:ter shade «l clean with proper solvents. It is then compared with a similar 
the determination, the percentage of fatty oil may lroshly cleaned as previously described. No discoloration of the test 
No. of cc, N/2 acid need * on x 100 per cent of f should be shown by this comparison, See A.8.T.M.,1921, p. 701, 
195 weight of oi on 
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Reaction Test. — Place 50 cc. of the sample and 15 ce. of distilles 789 
in a 150 cc. flask. Warm to 150 deg. fahr. and shake thoroughly. 
the mixture to cool and transfer 5 cc. of the aqueous layer to each 
test tubes, by means of a pipette. Add 1 drop of 1 per cent sol 
methyl] orange to the contents of one tube, and 1 drop of 1 per ¢@ 
tion of phenolphthalein to the other. No red or pink color sho 
in either case. 

327. Physical Tests of Lubricating Oils. — The physical charac 
usually involve (1) color; (2) odor; (3) specific gravity; (4) fl 
(5) fire point; (6) cold point; (7) viscosity; (8) emulsion; (9) 
tion; and (10) friction. The following tests, unless otherwise in 
refer specifically to the requirements of the Navy Department 
previously stated, are representative of current commercial prac 

Color. — The color, although having no influence on the lub 
value, may be used to identify the sample. American oils fluo 
a grass-green color; Russian oils have a blue sheen; oils con 
tillation residues and unfiltered oils are brown to green-black in 
light. Nearly all mineral machinery oils are distilled and filtered 
extent and are transparent in a test tube, the colors ranging from 
ish white to a blood red. The color may be determined in a tin 
by comparing with different-colored glasses or lenses. These ¢ 
numbered, and for machinery oil extend from No. 1 (white) to 
(red). Consult Tech. Paper 323, Bureau of Mines, 1922, p. 31. 

Odor. —The odor may be determined by heating in a test 
rubbing on the hand, by which means fatty oils, coal tar, rosin 6 
may be detected. 

Specific Gravity. — The specific gravity may be determined by 
of the Westphal balance, hydrometer, or “ pyknometer,” this tert 
fying any vessel in which an accurately measured volume of liq 
be weighed. When using the pyknometer, the bottle is first fi 
distilled water at a temperature of 60 deg. fahr., and the weight 
water determined. The bottle is then filled with oil at a temper 


specific gravity of 0.864, and a Ba: i 
te 64, umé gravity of 18.1 to a speci i 
en pao increase in Specific gravity is a dotdtliens “than 
s — hin-base oils of Pennsylvania derivation h 
gravity of 0.875 with tp at 
HO. _The asphaltic-base oils from Tex 
"| . oe - pee ve a corresponding Baumé gravity of 20 
a ae o- ‘S.T.M. D93-22.) The flash point is determi 
: 1e eveland open cup and the Pensk meee 
th flash point of all oils is determined as a measure of thei 
pe pee of steam-cylinder oils is of primary ‘seh 
Bovine. With lubricating olf for hearenDtratuze of the ste 
th lub or bearin: int is i 

“ y _ ae Figalbcion the volatility of the a 2. albe pti 
a i i oe with the accompanying fire risks. In the wi 
nina: oer ubricating oils, it is desirable to run a special 
a don ae ( gps tay mentioned under chemical tests. The flash 
oy. nae € open cup is higher than with the closed cu 
ee anigan on the surface of the oil are disturbed by the re 

et hoe snc ne These differences range from 5 deg. to 40 

fess ge a 20 deg. The presence of very light ends (k 

, haphtha, etc.) may increase this difference to 100 deg ee 


TABLE 103 
SPECIFIC G 
RAVITY AND BAUME GRAVITY OF A NUMBER oF LUBRICANTS 









Specific 
Gravity 






Gravit; 


Bana Flash Test 


Deg. Fahr. 


BOP ss 0b ce swbevs 
; nr oil ete ' 












60 deg. fahr. and the weight of the oil determined. The weight 6 avy engine oil..... 
divided by the weight of the water gives the specific gravity at a lad sci 411 
fahr. The Baumé gravity is obtained by using the Baumé hydro (or machine oil... : re, 
which is simply an ordinary hydrometer with a certain arbit pol. Otte ee eae gs 324 
Baumé gravity may be converted into specific gravity by the f owoll........... 505 
formula: bonseed oil........ 478 
ormula: pe inet “MP “Aon ncn Bis 
g 140 ¢ oil (pure) ah 
per. = = —— Re : 

130 + Baumé vod O0dBe li on. | RE 
Ta if ol | 406 

4 Js jeoee- eh se..- | Reese 


Baumé gravity is largely used in commercial practice, 
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Fire Point. —This is the temperature at which the oil b 
determined by raising the temperature about 3 deg. a min., § 
the flame for about a second. The fire, or burning, point is f oI 
to 65 deg. higher than the flash point with all lubricating oils, tl 
oils having a difference of about 40 deg. § 

Cloud and Pour. — Mineral oils become more viscous on COOlt 
finally solidify. In lubricating oils refined from paraffin-base 
cooling first causes the paraffin particles to solidify, which gives 
cloudy appearance; with this class of oils this change is knowl: 
cloud point. The A.S.T.M. instructions are as follows: Take | 
about 1 1/4 in. inside diameter and 4 to 5 in. high, and pour in 
height of 1 1/4 in. from the bottom. Insert a cold-test therr 
(especially made, using colored alcohol, and with a long bulb) 
tight-fitting cork. A special jacket is used, having an inside ; 
about 1/2 in. larger than the bottle. Ice or any other cooling 
is packed around this jacket. When the oil is near the expect 
point, at every 2 deg. drop in temperature remove the bottle and 
the oil, being careful not to disturb the oil. When the lower ! 
comes opaque, read the thermometer; this reading is taken as th 
point. The cold, or pour, test is simply a continuation of the eld f 
except that the temperature is noted every 5 deg. and the botth 
till the oil flows. When the oil becomes solid and will not flow, ' 
vious 5-deg. point is taken as the cold point of the oil. 

Cold Point. — The object of this test is to determine the loy 


Mome form of holder for the cylinders is a convenience but not a necessity, 
Wiive on account of the ample clearance between paddle and cylinder 
Mid the fact that a sample is stirred for only five minutes, a cylinder may 
hw held by hand during the stirring. A stop should be provided so that 
When the paddle is lowered into the cylinder (or bath raised) the distance 
Tom the bottom of the paddle to the bottom of the cylinder will be about 
/4 in. To save time that’ would otherwise be lost in waiting for the 
lod cylinders to come to the temperature of the bath, it is desirable that 
© bath should be large enough to contain several cylinders. 

Vorty ec. of the emulsifying liquid is placed in a clean 100-ce. graduated 
Vlinder, and 40 ce. of the oil to be tested is added. The cylinder is then 
vod in the bath, and when the contents have reached the temperature 
juired for the test they are stirred by the paddle for five minutes. The 
lle is stopped, withdrawn from the cylinder, and wiped clean. The 
linder is then allowed to stand for the specified time and is then inspected. 


= 


Nmulsification of Mineral Lubricating Oils: Power, Oct. 29, 1918, p. 649. 


Demulsibility Test. — Pour 27 ce. of the oil to be tested and 53 ce. of 
(illed water into a cylinder, place cylinder in bath and heat to 130 
4 ‘ahr. Submerge the paddle and run it for five minutes at a speed 
1500 r.p.m. Stop the paddle, withdraw it from the cylinder, and use 
# {inger to wipe off the emulsion clinging to the paddle and to return it to 
vylinder. Wipe off the paddle with paper so that it will not contami- 


te the next sample. Keep the temperature of the cylinder constant at 
perature at which oil will flow from one end of a container to WW deg. fahr. and take readings every minute of the position of the line 


In case it should become frozen the resulting solid oil is stirred (lomarcation between the topmost layer of oil and the adjoining emul- 
has assumed a sufficiently pasty consistency to flow. The test i, ‘The first reading is taken one minute after stopping the paddle. 
ducted by freezing an ounce of the oil solid in an ordinary 4-04, 0 ith oils which act normally, the rate of settling out of the oil increases 
bottle, using a freezing mixture if necessary. The frozen oil is thot } 10 & maximum and then decreases, and the maximum value in ce. 
stirred with a thermometer until the mass will run from one end ¥ hour is called the “ demulsibility ” and is recorded as the numerical 
bottle to the other, and at this moment the temperature as Indi ult of the test. Each rate of settling is the average rate calculated 
recorded. i the time of stopping the paddle to the time of reading, as shown 
Emulsion Tests. —The oil and water to be emulsified a: (he following condensed table: 
in an ordinary commercial 100-cc. graduated cylinder, 1 1/16 to 
in. inside diameter. An oil or water bath is provided for main 
the contents of the cylinder at a temperature of 130 deg. fahr,, | 
when a different temperature is specified, both during the stirrl 
during the subsequent settling out of the oil from the emulsion 
paddle used in stirring is a copper plate 4 8/4 in. long, between 3, 
7/8 in. wide and 1/16 in. thick. Means are provided for revoly 
paddle about a vertical axis parallel to. and midway between I 
longer edges and for keeping the speed fairly constant at 1500 





‘Time since Stop- Reading at Inter- 


- x A Oil Settled Out Rate of Settli 
rime ping Paddle, face Between Oil ’ ng, 
ins. and Emulsion “3 ce. per Hr. 
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The demulsibility in this case would be 68, the highest valu 
last column. .In cases where the maximum rate of settling has 
reached at the end of one hour, the test is discontinued and the 
bility taken as the number of cc. that settled out in the hour. a 

Precipitation Test. — Five cc. of the oil is mixed with 95 ce. of p Se 
ether in a tall, stoppered, graduated cylinder, and allowed tos rand | 
petroleum ether must be freshly redistilled and the portion boilin ! 

150 deg. fahr, discarded. It must not show perceptible solub 
ed sulphuric acid. ; 
tiieony, — i scctianl evidence indicates that under ca 
experienced between flat lubricated surfaces the oil flows in 
layers much like a pack of playing cards sliding over each ot 
outer layers adhering to the surfaces and not sliding with 
them. The resistance of these layers to sliding past each oth 
primarily to fluid friction or so-called absolute viscosity and is 
as the force in dynes necessary to move each sq. cm. of metal g' 
velocity of 1 cm. per sec., if the distance between the surfaces if 
According to the generally accepted theory of lubrication, when & 
oil film exists between moving surfaces, so that they do not te M 
bearing friction is due solely to the absolute viscosity of the | 
That this is not strictly true is evidenced by the experiments 00) 
by Dr. Stanton, in which the addition of 1 per cent of oleic acid to B 
oil, an amount insufficient to produce a noticeable effect on the 
viscosity, reduced the coefficient of friction in a bearing by no 


absolute viscosity divided by density, which is called the kinematic vis- 
cosity, and which, for the standard dimensions specified by the U. 8. 
Bureau of Standards,’ may be expressed 


K = o/d = 0.0022 t — 180/t (282) 
















Viscosity at 


Kind of Oil Flash] Fire [Pour] ————___ 


Application 













ee 

Muporheat valve oil For steam cylinders using | 22}-25) 
superheated steam at pres- 
sures above 150 Ib. 

ee a er ee Gee 

High-pressure cylinder | For steam cylinders using 224-26) 510 
oil Saturated steam pressures 
140 to 175 Ib. 

For steam cylinders using | 23-26) | 470 
medium pressures saturated 
steam 100 to 135 Ib. 

es 
Low-prossure cylinder | For steam cylinders under 

oil Pressures below 110 Ib.; 
steam usually wet 





a ee 
Menoral cylinder oil 


teint 
Pieine oil 


For external use on engines | 194-28 | 315 
in drip cups or circulating 
systems 

SRS 





. lmachine oil For ammonia cylinders of re- 19-30 | 300 
17 per cent. Absolute viscosity, nevertheless, is one of the more roby mieceacusar 200 
: . . , 
wae é Aft |_ftigerating machines 0 | 5 [0 | 160 
tant characteristics of a lubricant, but unfortunately it is  rmmpr PSA NTN Bee ee 
measure directly. The time, however, which is required for 


called semi-Diesel oil en- 
gines 


mass of liquid to gravitate through an orifice is a function of the 
viscosity, so that it is only necessary to determine this time f; 
comparison of relative absolute viscosities. The Saybolt Uni 
cosimeter conforming to the dimensions specified by the U, 8. B 
Standards is the recognized standard in this country. (See 
Standards, 1920, p. 703, for detailed description.) Saybolt viscoslt 
expressed as the number of seconds required for 60 cc. of fluid 
through the orifice at a specified temperature. The temperatures 
employed are 100 and 130 deg. fahr. for non-viscous oils and 210 
fahr. for thick or viscous oils. Since the only force available for 
the fluid through the tube is gravity, and the force holding the | | 
back in the cup is its internal resistance or viscosity, it is apparel 
the time required for a given quantity to flow through the orific ° 
dependent upon both the absolute viscosity and the density of u 
The Saybolt viscosimeter, therefore measures a unit equiv. 


ee ee SAY 
Dievol-ongine oil 


Heavy journal oil For heavy, slow-moving parts 


on dredging and like ma- 
chinery 


anes 
A\itomobile-engine oils Cylinders of automobiles 


| 
External parts of marine en- 
gines 


Marino-ongino oils 


Piiting oll 


ee | es | | es ee 


Cutting and cooling 
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in which ; ‘ 
i K = kinematic viscosity, centipoises (the viscosity of water 
deg. fahr. is 1 centipoise), 
t = Saybolt time, in seconds, 
V = absolute viscosity, 
d = specific gravity. : a 
Absolute viscosities are used in making any ae 
resistances, and Saybolt viscosities in comparing the phy: 
of lubricants. 
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o 
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5 30 a f 
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20 wo 
2 =>~—Vat, " 
pet S « 
10 Sas : 60 
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5 : : 
i Sie 
‘ rT) 
te + = 70 100 150 210 «250 800 


Temperature, Degrees Fahrenheit 


Fic. 596. Influence of Time on Viscosities of a Number of Lube 


sponding Saybolt time, for a number of lubricants, . per bee 
Other makes of viscosimeters which are frequent y ve ry 
viscosities are the Redwood of Great Britain, the _—_ ae 
the Barbey of France. For ee oe = ae Pig yee a 
iscosi u of Sta P . 
oe eats ea of interest in showing the 
baba absolute viscosities and viscosities as eae } 
bolt, Redwood, Engler, and Barbey “eeatapgeren ge ae 
the curves that the viscosity varies considerably 


The influence of temperature on the kinematic viscosity and the 


LUBRICANTS AND LUBRICATION 795 


therefore, the engineer should determ 
ftecurately as possible, and then selec 
eorrect viscosity at that temperature. 
Standardization of the Sa 
Paper No. 112, 1919. 
The Saybolt Viscosimeter: Power, March 7, 1922, p. 376. 


How Variation of Temperature Affects Viscosity of Lubricating Oils: Power, March 
I4, 1922, p. 420. 


Viscosity: Lubrication (Texas Co.), Vol. 6, No. 6, July, 1920, 


ine the operating temperature as 
t the lubricant: that will have the 


ybolt Universal Viscosimeter: Bureau of Standards, Tech. 


Kinematic Viscosity = Absolute Viscosity -;. 


Specific Gravity 


joqdeg foury, 


aoy Jed “O99 ‘haqreg ‘poompary “3 
oe oz 








OOT 08 09 09 OF og 


Fia. 597. Relation between Absolute and Indicated Viscosity. 


l'riction Tests. — The coefficient of friction, as determined from friction- 
fling machines, is useful in obtaining a comparison of oils under the test 
Mucditions, but gives little information concerning the action of the oil 
Wider the widely different conditions found in actual practice. 

‘Table 104 gives the physical propert; 


ies of a number of lubricating oils, 
ith their particular fields of application. 


Service Tests. — These tests are the real proof of the commercial value 
(he lubricant for a given service, The lubricants are tested under 
vial operating conditions, and the one that gives the best overall economy 
polected, such factors as first cost, quantity used, effect on the rubbing 
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surfaces, maintenance and attendance being taken a _ : : c 
After (eae tests have determined the ae ntinaael Co) ie. 
i > iously mentioned ar R 

ves the best returns, the tests previousl. 
catite are incorporated in the specifications so as to pi 
j ) bricant. Large consumers ir 
that particular grade of lu ite Pip 
i i lubricating engineer under " 

he services of an experienced or 

‘“ the plant engineer or millwright, for determining the most 
lubricant for the different classes of machinery. oll 
A Graphical Study of Journal Lubrication: Mech. Engrg., Feb., »p 77, 





















$28. Steam Engine panpepion + _Musconber Saal : sonal 
: i ic” aces sho b 

j Is, slides, and “ atmospheric sur \ 
paced moineniil oils and greases similar to bean: an in 
i i d all external rubbing surfai q 

101-103. Bearings, guides, an “a 

i i f ways: (1) they may 

i be lubricated in a number o ) > ive 
i ene application of oil, as, for wane = nese a ; } 
i ith oi i tricted rates 0 ; ) 

uipped with oil cups with Tes od ra 

“ed fe dooded with oil. The relative lubricating values of the 

have been estimated approximately as follows: 


Coefficient of Friction Comparative Value 





Se Se 


2 and less 
i ....{| 0.01 and greater 7 
Hoctricted feed bets prt 0.01 to 0.012 79 to 86 
Flooded bearing......... 0.00109 


termi — ittent applications are ordinarily li 

dn Sige ame which are subject to light p 
< whi h do ana itiihy permit of oil or grease cups, as, for Ox! 
ly f the valve gear of a Corliss engine, governors, and link 
oe ins of the labor attached and the frequent doubt a 
Sidhiite the wearing Agric vate m8 of lubrication is mit 

i i e smalles : 

FE es ln has average power plant the re baat ‘ 
lubrication is effected by means of oil cups which are filled a a : 
re hand or by mechanical means, the oil being fed from the cup by 
ee ie i acne plants the principal journals end 

na are supplied with a continuous flow of oil which mse y . 
‘he rubbing surfaces. The oil is forced to the various pa 

avity from an elevated tank or by pressure from a here \ 
oil leaves the bearings, it flows into collecting pans, pore a ~ 
and filtering tank, and finally is pumped back into an ele 





Via. 598. Oil-cup Lubricator, 


Oller to a crosshead and guides. 
former feeding directly to the top 
( flows by gravity through the swing joint int 
H’, and thence to the pin through the lower swing 
Hint as indicated. As the crosshead moves back 
tid forth, the pipe P slides into and out of 
pipe R, the oil being thus conducted directly to 
the pin without wasting: A device of this type 
lnwtalled on a high-speed automatic engine at 
the Armour Institute of Technology has been 


Ii operation for five years without cost for repair 
iv renewal. 


} 


ifien oiled by the oil-ring system, as illustrated 
Wi Vig. 600. ‘The shaft is encircled by several 
loono rings which dip into a bath of oil in the case of the pedestal or 
wine and, rolling on the shaft as it turns, 
mt where it spreads to the bearings. In 


Iting Lubrication: Power, May 2, 1922, p. 687; Jan, 9, 1917, p, 42 
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and used over and over again. The little lost by leakage and depreciation 
is replenished by the addition of new oil to the system. 

Oil Cups. — Figure 598 illustrates the application of sight-feed oil cups 
lo the crosshead and slides of a reciprocating engine. The oil is fed into 
the cups by hand and gravitates to the rubbing surfaces, the rate of 
llow being regulated by a needle valve, Cups A and B feed directly to 
the crosshead guides, but the oil from cup D flows to the bottom orifice 


0, from which it is wiped by a metallic wick S, and carried by gravity 
lo the wrist pin. 





599. Typical Telescopic Oiler. 


Hand-filled. 
Telescope Oiler. — Figure 599 shows the application of a telescopic 
O and © are sight-feed oil cups, the 
guide through the tube S. The oil from 
o the telescopic tubes P, 
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Oil Rings 
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King Oiler. — Small high-speed engines are pe 


Fie. 600. ring Lubri- 
cation. 


carry oil to the top of the 


some cases the rings are 
iInced by loops of chain, 
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Centrifugal Oiler. — Figure 601 illustrates the application of a centrif- 
ligal oiler to a side-crank engine. The oil supply is regulated by the 
tight-feed cup C and flows by gravity to the pipe P in line with the center 
of the crank shaft. Centrifugal force throws the oil outward through 
pipe B to the center of the pin D, which is drilled longitudinally and 
tudially so as to distribute the oil upon the bearing surface. 
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Nia, 601. Centrifugal Oiler. 
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Acidity, 
Maximum 
per Gram 


Fia. 602. Pendulum Oiler. 
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: 
i » 
: I 
Pendulum Oiler. — Figure 602 illustrates the application of a pendulum 
g 4 HOOQSBSOVQIS9BQae | Willer to the crank pin of a center-crank engine. Oil cups and pendulum 
82 ee FRRSISRAIISESIwes : ? wre fastened to the crank shaft S by trunnion T. The pendulum holds 
gs | the cup vertical, since the friction of the trunnion is not sufficient to 
5 GS] 338 2 ee ol Meyolve it. Oil flows along the center of the crank shaft under the head 
Pa ZOESS taxis Ss ea® es papi: = 56% * 9 Hf oil in cup O and is thrown outward to bearing B by centrifugal force. 
be eltae S ZZ, vA AG “za | Nplash Odling. —In most high-speed engines, the crank, connecting 
ge a 7 Ee } fl, and crossheads. are enclosed by a casing, the bottom of which is 
5 qs 48 g8RSSSSRSS3SR2S 38358 | lied with oil to such a depth that, at each revolution of the crank, the 
BBs, [Ag aly Cabin co airs aie ul of the connecting rod is partly submerged. The result is that the 
5 3 2 22°22 322 S24RC8R | in splashed into every part of the chamber, and the crank pin, cross 
gs ei SeSSi oO pape | , M- a s . " . ¢ ; 
é “te 33 g8 253982553 shahahioalahioh il pins and crosshead slides practically run in an oil bath. 
5 rs IRS SS2BSSS) 90. Steam Engine Lubrication — Internal. — All rubbing surfaces 
fee pRBRSSBSZSSRSRSS82225 hich come in contact with the steam must necessarily be lubricated, 
i il is far more difficult to ascertain whether or not a steam cylinder 
4 1 19 a 4 4 
FEE | cS RB2828398 8 8838a43 28 Wliciently and economically lubricated than to determine the same 
oe CS eT eee jilition with bearings, because the inside surface of the cylinder cannot 
Tee ee eee coin fhe ae bp loli while the engine is running. Wear in a cylinder cannot usually 
‘ 2 Me ar a Be : F . ilolected except on examination when the cylinder head is removed. 
3 : g oe : g ge: g ‘aa is b vylinders and valves cannot be examined every day there is a tendency 
Z 23¢8 PETE ag lino un excess of oil. wh ty air 
2 $5 FSS%2 1A 6 05 Bee Oe There are two methods of applying internal lubrication (1) the direct 
3 Aaddddddnnmo m, and (2) the atomization system, In the former, the lubrication 
i H LEEEEEEEERREEEE! iplied to each of the separate surfaces, while, in the latter, it is injected 
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800 al 
is asa carrier. In either) 
into the steam so that the latter ac ster a 


i 2 e desired po 
eee ei Ber acisait operated lubricators. 
Hydrostatic Lubricators. — The earliest 
of cylinder lubrication, and one which is sti 
to a large extent, is that using hydros tle 
cators of the sight-feed class, Fig. 608+ 
principle of operation is as follows: The lu 
is filled with cylinder oil by removing cap 
height of oil appearing in glass L. ~ 
present, the oil floats on top as na 
the cap is screwed in place, the v ves 
condenser pipe are opened, subjecting 
the vessel to steam-pipe pressure. Steam } 
densed in pipe C, filling tube B and pat' 
thus adding to the steam pressure the 
due to the weight of the water column. 
which communicates with the top of “a 
_ means of tube A, is opened wide, “a \ 
rg prose regulating valve I. The pressure # 
Serio greater than that at A by an amount 64 | 
umn, forces the oil through A and the 


ight of the water col l : 
i ng Mh the steam pipe. The rate of flow 1s controlled by 
we valve I. As the oil flows from the vessel, its space 18 O00¥ 


condensed steam, the height of oil and water being visible in 


bottom of the reservoir, and the condensed steam fills up the reservoir 
ftw fast as the oil is fed out. The principle is the same as that of the 
simple hydrostatic lubricator. 

Forced-feed Cylinder Lubrication. — Modern conditions of high-pressure 
ind high-temperature steam make it desirable, and in many cases neces- 


wary, to use mechanically operated lubricators which can be relied upon 
for automatically feeding 


the lubricant uniformly 
find in sufficiently small 
juantities. Figure 606 
illustrates the “Rochester” 
‘imple feed automatic 
Wwbricating pump, which 
fakes the oil by gravity 
from the reservoir through 
i sight-feed glass and 
forees it through a small 
pipe to the steam supply Fia. 606. Forced-feed Lubricator, Independent 
pipe. The pump entirely Type. 

phviates the trouble due to intermittent feeding and, being directly driven 
ly the engine, runs at constant speed. The feed is uniform and in- 
pendent of the pressure pumped against. The rate is determined 
¥ the length of stroke of the pump piston which is easily adjusted. 


To Rod 
fll 











To Other Engines 
3 & } To Other Engines 


ff | | Cylinder Of 
| Reservoirs 
le 





Fia. 607. Forced-feed Lubrication, Central System. 


Fra. 605. Hydrostatic Lubrication, 
Central System. 


i icator, it must be 

i the small capacity of the lubrica or, it A. 
a Pn To reduce the amount of labor required with the a 

ie independent sight-feeds, ee id ae prio: 

i tral reservoir. Such an ins mn 

Ni: “608. A condenser pipe leading from the steam main | 


Fie. 604. Sight-feed Lubri- 


With large engines multi-feed pumps are sometimes used, which force 
cator, Central System. 


(© the various valves as well as to the steam pipe. Figure 607 shows 
arrangement of storage tanks in connection with pump reservoir to 

il the trouble of hand filling. 

tee Table 104 for physical characteristics of cylinder oils suitable for 

mal lubrication, 


im Cylinder Lubrication; Power Plant Engrg., July 1, 1928, 
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; Be 330. Oil Handling Systems— Steam Engine Plants. — Gravity oil- 
if ee git utes feed: Fig. 608, illustrates a simple gravity oil-feed system. The oil is 
Bait ° 12118 88 supplied to the engine from 
g5g0° a. : : the oil tank, by pipe D under 
ES, wil een baa pressure corresponding to the 
eet eo ad height of the tank above the 
5 Sit ts i BE oil cups. After performing 
S fits ea 33 lts function the oil gravitates 
. 208 tet Pp heen lo the filter and from the 
1218 latter to the oil reservoir, 
or ait from which it is pumped back 
Eas 919 to the supply tank, the over- 
flow being returned to the 
rt fexervoir through pipe JN. 
a Operation is interrupted only 
a When new oil is to be added 
rs to the system from the barrel 
zB a. through the flexible filling 
2 Song's SAE pipe. In case the oil tank is 
s E ; pul out of commission, or the 
<i E 3 : 3 Tae fupply pipe becomes clogged, 
a g cd ag 3. iby ; full pump preneare may be eee LTE 
Pa h a 3 ee Wed by closing valves R and Fic. 608. Simple Gravity-feed System. 
2 aan Fi N wnd opening valve LE. *The 
5 g 5 Wake-up oil is small in amount compared to the quantity circulated. 
a 24 rp viele aed “ser The reclaiming and purifying of the oil are essential if the bearings are 
8 bre i Nad gtntot to be flooded, otherwise the 
a #2 a cost of oil would be prohibitive. 
5 FE : ad An objection sometimes made 
s a4 : to the above system is that the 
5 ied é varying heights of oil in the 
eu W. supply tank may cause con- 
Bere S288888 :: |) = =] fT siderable variation in pressure 
fee VT a i he at the oil cups, causing them 
Ss as to feed faster. when the tank is 
Piiitig: full and slower when the tank is 
a cree 4 583 nearly empty. This applies only 
2 53666 Bg : to installations where the supply 
2 AAAA wb i Ke ophsialeel 5 tank is filled intermittently. 
: Ee a ig Nia, 609, , Low-pressure Gravity Feed, Figure 609 shows the applica- 
Z ‘ it Constant Head. tion of a low-pressure oiling sys- 
$3385 3 in which the level in the sight feeds is kept constant. A is the main 
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supply tank, B! and B* the upper and lower gages indicating the oil 
the supply pipe running to the engines, and D a small standpipe ¢ 
one end and vented near the top. The reservoir is supplied with 
the valve marked “inlet.” When the tank is filled, the oil rises 
standpipe D a corresponding height... The inlet valve is then el 
the oil in the standpipe feeds down to the level of the sight feeds 
point where the air will enter the bottom of the tank. This will 
constant oil level, since oil flows from the tank only in proportion 
amount of air admitted. A head of 6 in. has been found to give 
results, 
Compressed-air Feed. — Figure 610 shows diagrammatically 
rangement of an oiling system involving the use of compressed air 
motive power. The storage tank containing the supply of engi 
under air pressure at all times except during the short periods w 




















Fra. 610. Compressed-air Feed Oiling System. 


being filled with oil from the filter. The air pressure on the 
the oil forces it to a manifold on the engine from which it is d 
to the various oil cups. The oil flows from the different bearings 
returns tank located at the base of the engines. When the tank 
air pressure is admitted and the oil forced to the settling tank, w 
a capacity of about 400 gal. and is located near the ceiling. 
allowed to settle and the entrained water and foreign material are 
to waste. The oil gravitates from this tank to a series of 
filters. When a new supply of oil is needed, valves A and B are 
and vent valve C opened, cutting off the supply of air and red 
pressure to atmospheric. Valve D is then opened and oil flows 
filters to the storage tank. /. 
Mechanical Feed. — Figure 611 shows the piping for a | 
system of cylinder and engine lubrication, illustrating, current 
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There are two storage tanks on the engine-room floor, one for cylinder 
oil and the other for engine oil, the distributing arrarigémente being the 
same in each case. The oil is pumped from each tank into a main pipe 
oxtending the length of the engine room and provided with Tecakos r 





FRONT ELEVATION 
Central System for Large Stations. 


Fie. 611. 


fich point requiring lubrication. The oil pumps are actuated by steam 
fad ure of the duplex direct-acting type, provided with automatic govern- 
orn which regulate the speed to suit the demand for oil. The cylinder 
Hil is forced through a special sight-feed lubri- 
Mitor, Fig. 612, under a pressure about 25 Ib. 
i excess of the steam pressure. Referring to 
Wig. 612, diaphragm valve D, in the bottom of 
the lubricator, is kept closed by the steam pres- 
fire admitted through pipes B. Thus the inlet 


fowure must be greater than that of the steam 
fore the valve will open and admit oil to the 
wine. The oil, after entering, passes upward 
hough the sight-feed glass and downward 
rough the hollow arm A to the steam pipe. 
© engine oil is forced by the pump to the various points under a 

of about 20 lb, The waste oil is caught in suitable socegln ded. 






Feed Reeulator 
Fig. 612. Sight-feed Lubri- 
cator (Forced-feed Type). 
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after being filtered, is returned to the storage tank by a steam 
This pump is connected so that it can supply the storage tank 
from the filter or with fresh oil from a large oil tank in the bas 
By this arrangement all handling of oil in the engine room is domi 
with. 
331. Steam Turbine Lubrication. — The oiling system in sm 
bines under 200 hp. capacity is usually self-contained and requil 
special piping or storage tank. Lubrication of journals is effet 
means of oil rings riding free on the shaft. Cored water-cooling ¢h 
are commonly placed below the oil-ring reservoirs, with lapped he 
pipe connections. Circulation of water is necessary where high 


Return from Gear 
Casing to Oil Tank 


‘Drilled Seat . 
, pt a 
3 Relief Valve f (7 
Set at. approx. I 
a 25 Ib, ti 


Overflow from \| 
\ Relief Valve \ 


Fra. 613. Diagram of Oil Piping for Small Horizontal Curtis Turbine, 


steam temperature conditions prevail and also where a lower 
perature is advisable or necessary. When the oil loses its lubi 
properties, it is removed and the reservoirs are filled with a fresh 
Small parts, such as the governor levers, ball bearings, and trunnié 
lubricated by hand. . 
All large turbines and many of the smaller units are supplied 
from a general oil-lubricating system operating on a continuo 


tion cycle. Each turbine manufacturer has a system peculiar 


product, but in a general sense the cycle is as follows: 
Oil is taken from a reservoir located in the bed plate and forced 


pump (geared to the main shaft or independently driven) thre 


tubular oil-cooler to the bearings, ete. The warm oil is drained 
reservoir where it is filtered and cooled and from which it is reeir 
by the pump. Witha mechanically operated governor mechanism, 
pressure on the system seldom exceeds 25 Ib. gage and only one p 
employed. The oil pressures at the points of application vary frot 


{ 





















one nda turbine. The oil reservoir is located in the bed plate 
' rom the heated parts of the turbine, and the pump is placed at the 
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_ gage depending upon the make and type of turbine. With the 
Sod ee mechanism, an oil pressure of about 50 Ib gage is re 
‘ed tor its operation. In some designs th ; : 
the general lubrication and tt oor ie 
the other for the jori 
4 governor relay. The 
Bie on tee have but one pump operating at a “ox 
ugh for the oil-relay system and furnishi i i 
otc. at a lower pressure throu i vo. All 
gh a reducing valve. All] i 
Mulpped with an auxiliar i hi a be 
p y or standby oil pump which 
tae and stopping, or in case of aliiieny. i 
4 7 a light ” and “ light ” turbine oils as specified by the Govern- 
see Table 101) are prescribed by fully 80 per cent of the turbine 


Air Vent 









Oil Relief Valve 


From Governor 


Oil Return To Tank Belay Valve 







= 
Check 
Sava Vale 





Water. 
Outlet 
















__ Auxiliary 
ia Fump Oil 


(Main es Ly 
mye Oil Cooler. 


<3 
Strainer ~~" 


Fic. 614. Lubricating System — Allis-Chalmers Turbine. 


Ants i i i 
It dros se fe circulation; however, for ring-oiled turbine sets 
xtra-heavy ”’ oil is used extensivel di i 
pe | ely, and in a number of instances 
Z. ry o furnish a mineral cylinder oil because of steam 1 k : 
w “ heavy ” or “ extra” turbine oil is ¢ ] i biotin 
tie ommonly specified for reduction 


ey , ; ; : 
igure 614 gives a diagrammatic outline of the lubrication system of 


ae, sia : a is eee from the reservoir under a pressure of 
40 Ib. 2 e cooler and thence to the main distributi i 
i» oil connections for the bearin ver pacino 
! gs are located in the lower hal 
1 =! bes = amen ae: the bottom seat and around the i 
ongitudinally along the journals on the hori 
sand on the top. A sight oil vent is : ob a eee 
is provided above each beari 
prevent air from accumulating in the oiling system at the ici, 
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and also to enable the operating engineer to observe the flow of oil. 
of the oil is used for the relay system of governing the turbine am 
remainder, reduced in pressure to about 4 or 5 lb. by a reducing 1 
is delivered to the various bearings. Excess pressure in the oil 8 
is controlled by a relief valve which by-passes the oil back to the re 
332. Oil Purification. — Oil used continuously in a lubricating 
is subject to deterioration and eventually becomes unfit for f 
The principal cause of this deterioration is oxidation into a product ¢ 
sludge, caused primarily by the action of light, air, water, 2 4 
though dust, acids and alkalies are also active contributors to its f 
tion.! Sludge appears to exist in a soluble and in an insoluble” 
The insoluble sludge has a specific gravity greater than that of th 
and will settle at the bottom when sufficient time is allowed, bul 
soluble compound appears to be in colloidal suspension in the | 
operating temperatures. Most of the oil-purifying devices ava 
the market will remove practically all of the insoluble sludge, 
will remove the soluble sludge, acids, or alkalies. ' 
There are at present two methods of purifying oil, viz: (1) precip 
and filtration; and (2) centrifugal separation. 
Precipitation and Filtration. — Figure 615 shows @ section 
small purifier of the bag type, suitable for plants where the oil is @ 
intermittently. Impure 
poured into funnel A and 
charged below the surface 
water through openings 
foot of the tube. 
streams of oil rise vertion 
the surface of the water, 
heavy particles of grit 
gravitate to the botton 
oil flows from the precip 
chamber through pipe B- 
filter bag which remé 
lighter impurities carrie 
with the oil. This type ¢ 
does not remove the 
sludge or the acidity. 
Figure 616 shows a section through an oil filter in which the 
medium is a mixture of excelsior, hair felt, and cloth. The gene) 
ciples are the same as for the smaller design described above, exe 
the oil is forced through a series of preliminary filters befor 


through the bag. 
1 See Report of Prime Movers Committees, N.E.L.A., July, 1025, — 


debi steam turbines the oil from the bearings 
emperature that effective separation of wat 

without heating the oil at the filter fact, § 
filter cabinet with water-cooling ooila 


is usually at such a high 
.: and sediment takes place 
n fact, it is necessary to equip the 
so that the temperature of the oil 


_ be maintained at the desired point 
ain . . * ‘ 
separating tanks consisting of a single reservoir, with baffles so 


y downward and then vertically 


r at a slow rate, are satisfactory 
aratively low. 


frranged that the oil must travel vertical] 
\ipward a number of times through wate 
Where the soluble sludge content is comp 









Filtering Materia’ 


Perforated Plate 






SECTION 1 SECTION 2 SECTION 3 | SECTION4 
Higa. 616. Turner Oil Filter. 


When an excessi 
om , li 1S formed 


in, the oi i 
i), the oil should be chemically treated to neutralize the product 


Mechanical Se 7 
paration. — C i 
plo of the well entrifugal separators operating on the prin- 


-k : 
ul solid Be any ‘bat ae ae suitable for removal of water 
iilesirable We sale © not In one operation elimi 
: ai pecanieatins substances, especially those that ee ve ~ 
* free oe of the oil itself. They do not remove acids a tah 44 
mn ¢ endtttaal ai and they offer opportunities for the oil to ee, ‘th 
vo been built ies cn * pene to the centrifugal nadia 
‘ ’ s ave not been abl . 
iiont i : ‘ able to produ 
meter is obtained with the series filter. eae ee 
y used in conjunction with settling tanks ‘oid dlsaeaieiia 
j er 


preliminary purification : 
aah the Aiba: or for removing water after the oil has passed 








Fa. 615. Typical “Bag-type”’ Filter. 
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333. Turbine Oil-purification Systems. — There are at pl esen 
general methods of oil purification: (1) the continuous filtration, (2 
continuous by-pass, (3) the batch, and (4) the combined continuo 
pass batch system. : 

Continuous Filtration System. — In this system the entire vol 
is filtered each time it is pumped by the oil pumps of the 
system. For very small turbines, where only a small quantity © 
circulated, this method is very effective and is now standard 
The capacity of the oil tank or tanks should be such that it ¥ 
at least 5 min. to circulate a quantity of oil equal to the tank 
For larger turbines, however, the space occupied by the filter 
accessories is objectionable and the first cost is excessive. l 

Continuous By-pass System. — This system differs from “ con! 
filtration” in that only 10 to 20 per cent of the lubricant contai 
the turbine oil reservoir is continuously by-passed through the f 
system. The continuous 
system is shown diagram 
in Fig. 617. A sight over 
vented to prevent siphot 
connected to the turbine 80 
overflow pipe corresponds Wi 
desired level of oil in the # 
reservoir, which level is t 
automatically maintained 
times. This arrangement 
that the turbine oil rese 
always be at the proper 
the quantity of dirty oil ¢ 
ing to the filter is balane ike for a considerable 
amount of clean oil delive tiod of time, during which 
reservoir by the filter tilge and water settle out. The discharge from the settling tanks i 
Accidental stoppage of Winected inside the tank to a float, thereby keeping the ea of the 
pump does not prevent 6 harge near the oil level and permitting the cleanest oil to be d x 
operation of the turbine, wn the tank regardless of the oil level rawn 
the vented overflow makes ; 
of the turbine oil reservoir impossible. Centrifugal separators 
rating tanks are sometimes used in place of the bag filter. 
does not lend itself, however, to the removal of soluble slu¢ 
bine operating temperatures; but, by the use of the proper Ol 
efficient filtration system, the water and air may be continuously 
so that there is little opportunity for this formation to take pliv 
turbines equipped with this system are reported to have b 


on A to ; ee years with little deterioration in the lubri- 
at alue of the oil. Sm iti i 

Pkg Roce aa all quantities of make-up oil are added 
Periodical Batch. — In this system the entire charge of the lubricatin 

ftystem of the unit is drained at definite intervals and a fresh suppl is 
Introduced. The used oil is submitted to the customary filtration Fe 
purification process and stored until the next replacement takes place 

lhe chief objections to this system are that it requires keeping in seek 
i large spare supply of oil, complicating the storage facilities, and necessi- 
tat es shutting down the unit each time the oil is charged. 

Continuous By-pass Batch System.— Manufacturers of this system, 


Which is a combination of the continuous b 
: -pass and th 
Wlaim that it is possible y-p e batch systems, 


to remove completely both 
toluble and insoluble sludge. 
Referring to Fig. 618 it 
Will be noted that the piping 
ls arranged so as to place 
the usual type of bag filter —_swx| Masur sa 
ii the circuit of a continuous Tar 
liy-pass system and so that 

fil can also be overflowed 

ym the turbine reservoir 

lito precipitation or storage 

ks, whenever desired, pic 
hile the turbine isin opera- «= #ores 
on. The oil is allowed to 
tle in these precipitation 








End View of 
Steam Turbine 







Return from turbine 
to filter or storage 


ment 
storage tank with 
floating suctions 
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When Steam 
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Fie. 618. Continuous By-pass Batch System. 


¢ Duplex Steam 
* Oil Pump 


Fic. 617. Continuous By-pass System. 
Mean Turbine Oil Purification Systems: Re : 

\ : port of Prime Movers C i 
ALL.A., 1923, Part B, p. 320; 1922, p. 2; 1921, p. 8. s Committee, 


The Causes of Trouble i Pe; 
Daal f Trouble in Steam Turbine Lubrication and Remedy: Power, Aug. 17, 


Deterioration of Turbine Oils in Use: Power, Oct. 30, 1923, p. 707. 


Nylect of High Temperatures on Lubricating Oil in Ci j : 
es ae ng Oil in Circulating Systems: Power, May 


venting Emulsification in Oil-Circulating Systems: Power, Nov. 9, 1920, 
verti F , . 9, , p. 740, 
wintaining Quality of Steam Turbine Oils in Service: Power, Jan, 22, 1024, p. 125. 











































CHAPTER XVIII 
























TESTING AND MEASURING APPARATUS 


334. General. — The importance of maintaining a system of 
discussed in paragraph 354. The various items which may be 
and the instruments and appliances used in this connection 4 
in the accompanying chart. No hard and fast rule can be If 
stating what instruments must and must not be used, since ; 
is one influenced very much by local conditions. It is better to 
few instruments than to install more than can be taken care @ 
plant organization. There are certain instruments which 
regardless of size, should have installed. The essential 
recommended by the N.E.L.A. Committee on Prime Mo 

, follows: Steam-pressure gages on boilers, header, and turbin 
feedwater-pressure gages; mercury column on turbine: exh 
mometers for feedwater, steam (if superheated), and bearing 
atures. In addition to these there should be the usual elect 
ments. There should also. be means for determining the ff 
delivered by the station and for measuring coal. In large stw 
complement of indicating, recording, and integrating instruii 
prove to be a good investment if intelligently and closely stud 
view to locating and eliminating unnecessary losses. The 
should be inspected and calibrated at intervals, since many 
delicately constructed and are apt to become inaccurate after a [ay 
service. Steam gages, thermometers, and pyrometers, and ff 
piston water meters are subject to appreciable error after ¢ 
use. Voltmeters, ammeters, and other switchboard inst 
easily deranged, especially when subjected to continuous vil) 
high temperature. 


TESTING: AND MEASURING APPARATUS 
Steam PLANT 


Pompera- 


pas 
Mialysis.... 


The N.E 


Prossures. . . . 


PUres...... 


ies i calorimeters. . . { piabler bomb. 
Gas calorimeter ve 


.. Voltmeters, A. C 


op .Wattmeters, A. i 
. .Power factor meters, A. C. on Pgh then La Alan 


.Synchronizers, A. 


.L.A. Committee on Prime Movers 
Hruments, arranged roughly in order of 
pected in the average large central station: 


HW Station Operators 
thine Room Instruments 
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High... indi 
: ie { Bourdon gage, indicating and recording, 
hp mercurial, indicating 
ometers — mercurial, indicat; 
425 ad , indicating, and re- 


faite 3 > set a Man rs — indicati 
vt “age ts — water, indicating, and record- 
iaphragms, indicating and i 
Boragety + lectrie resistance ther:nomeam a 
<b 4p eae ( Mercurial glass thermometers, 
+5040. tageine ) gas pressure thermometers, 
- ( Volatile-liquid pressure thermometers, 


—330 to +1300° F, 


wo = a eae 4 { Gas pressure thermometers. 
+8000 t Ms ) Base metal thermocouples. 
Sag oe #" 0° F. Rare metal thermocouples. 
. ( Optical and radiation pyrometers 
Indicated......... { Indicators, hand-manipulated. 
Indicators, continuous recording. 
ae Rope brake. i 
eveloped......,, Prony brake. 
Absorption dynamometers, 


AB Waele RETR, Electric generator, 


Hand analyzers, . 
Recorders.” 
Caustic. 
Electrical. 


Hygrometer, indicatin 


£ and recording, 
Calorimeters { 


Separating, 
hrottling. 


Junker. 


Evecrricay Pant 


- and D.C., indicating and record 
Ce aH indicating and recording, 


-Ammeters, A. C ing. 


nly, indicating and i 
A. C. only, indicating. 4 re 
C. only, indicating. 


. Frequency meter, 


offers the following list of 
Importance, which may be 


sear ) Indicating st 
Platform scales, indicating and (w & Steam gage at throttle : . 
Lc Re er cepanstot hoppers, indicating 'ype of turbine or engine: mercury eT ng BS depending upon 
Coal meters, integrating, iperature (if superheated) and bear; fe ae ometers for steam 
Platform scales and tanks, : aring oil; indicating 








Volumetric 

Current 

Area 

Dynamic 
cir 


‘orce 
Thermal 
812 
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This motion is transferred through flexible shafting to a counter located 
Mt any convenient point. The manufacturers guarantee accuracy within 
| to 4 per cent of scale weight, when the meter is installed in a vertical 
pipe sufficiently large in proportion to the coarseness of the coal and 
sufficiently long to insure uniform distribution of coal throughout the 
pipe. 

Figure 620 gives a diagrammatic arrangement of the principal elements 
In the “ Republic ” coal meter as applied to chain grate stokers. For a 
kiven depth of fire, the speed of the grate is a function of the volume 
passing into the combustion chamber. The speed of the grate is trans- 


Boiler Room Instruments ; q 
(a) Steam gage on each boiler (where uniform steam pressure 18 
tant and difficult to maintain, a large master steam gage on 


toeble lg ‘ a 
water pressure gage. ; 
3} Dealt ga “4 at uptake, over fire and air-pressure gages In 


and at those points of the stoker required by that particular type, 
(d) Steam-flow meter on each boiler. 

(e) Air-flow gages on CO, recorder. 

(f) Load indicator or total flow steam meter. 

(g) Feedwater thermometer. 

For Checking Operation 

(a) Kw-hr. meters and coal scales; steam pressure (and 


went) Beil feed t ture recorder 
Boiler-feed temperatu s 
a ee recorder; steam-flow meter or feedwater meter 
blow-down meter (where this is impractical, a recording t 
placed in a blow-down line indicates frequency of blowing 
of blow-down valves). 

(d) Feedwater pressure recorder. 

(e) CO» recorder; flue-temperature recorder. 


335. Fuel Measurements. —In many small plants using 
wagon delivery, the delivery tickets of the coal dealer are de 
for the weight of coal used, no attempt being made to d 
evaporative value; and the economy of the plant is judged 
of the coal bill. In such cases a considerable saving may be 
keeping a daily record covering at least the coal 
consumption. The coal can be conveniently 
ordinary platform scales or by means of eali 
tainers. In large central stations, when the 
involved are very large, the coal is frequen 
in the cars at the plant and no attempt i# 
determine the amount used by the individ 
In many of the modern plants the weight of 
mined by suspended weighing hoppers, whi 
stationary, as in Fig. 193, or mounted on & 
truck, as in Fig. 192. The scales of such 
made indicating, recording, integrating, or a 
of the three, the last costing but little more 
simple indicating or recording devices. 

A simple and inexpensive coal meter is f 
Fig. 619, It consists essentially of a helical vane placed in 
conduit. The movement of the coal causes the vane to 
the number of revolutions is a measure of the volume of 





Fia. 620. Principle of the “Republic” Coal Meter. 


Mitted through suitable linkage to the counter, so that the total number 
if revolutions over a given period of time is a fairly accurate index of the 
Volume of fuel fed into the furnace during that time. Variations in 
Wight of gate are automatically compensated for by a toothed spiral drum, 
that no corrections of the meter readings are necessary. In the com- 
Mercial design, the toothed spiral drum is replaced by a simpler mechanism 
Hperating on the same principle, and the register is connected to the 
oker shaft by means of a flexible coupling. The manufacturers of the 
‘Lon’ coal meter, which is the English design of this device, guarantee 
1} Wwcuracy within 2 1/2 per cent of the true volume for all grades of coal 
filer average working conditions. By checking volume against weight 
if ny given size and grade of coal, the meter readings may be converted 
to weight by the use of a single constant. This device is also equipped 
th a tachometer graduated to give the rate of combustion as well as 

‘ total over an elapsed period of time. 

Volumetric measurements of the coal fed by underfeed stokers may be 

ded by calibrating the displacement of the feeder rams and totaling 

number of strokes with any type of continuous counter. With very 

{ino-sized coal there is danger from arching, and the accuracy of the 





Fia. 619. Bailey 
Coal Meter. 
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of 
i true measure of the volume 

i ent of the rams is not a 

a For relation between weight and volume for 
in P 


aph 118. 
The welll ai fuel fed to the furnace 1s obtained from the 


i 
of suitable fluid meters, and that of powdered fuels by we 
product. in closed tanks. 

Coal Weighing Devices and Meters: 


graduated dials for indicating the total quantity that has passed through 
the meter up to the time of reading. 

The term inferential applies to all meters through which the fluid 
passes in a continuous stream. The functioning of the primary element 
depends upon some property of the fluid other than volume or weight, 
and the secondary element embodies some device which draws the neces- 
sary inferences automatically so that the observer may read the results 
from a dial. For a detailed discussion of the various types of measuring 
(levices outlined above, consult “ First Report. of A.S.M.E., Special Re- 
search Committee on Fluid Meters ”’ published by the Society in 1922. 
Measuring Flow of Fluids: Power, Mar. 30, 1920, p. 503. 

The Salt Velocity Method of Water Measurement: Mech. Engrg., Jan. 24, 1924, p. 18. 


Power Plant Engrg., Jan. 1, 1920, p. 70, 


336. Measurement of the Flow of Fluids. oy aed oe = 
in this connection have been classified by the A.5.M.1. 
Committee on Fluid Meters as follows: 

Type Division Class Type 


Dynamic Venturi 
Flow nozzle 


Division Class 


A leat nc ease 337. Measurements by Weight. — Whenever it is desired to calculate 


Tilting traps rifles the amount of heat absorbed or given up by a liquid, it is ultimately 
Volumetric Tank Pitot hecessary to record the quantity of liquid involved in terms of weight. 
Piston Centrifugal Any means of determining the weight directly is usually more accurate 
oie Weir Square notch (than a method which consists of measuring the quantity volumetrically . 
Bell ae sect labels Ti wd then transferring to a weight basis, since the weight is independent 
ferential Current Propeller peers of other physical properties. For this reason, when extreme accuracy is 
side Turbine Force vad ecessary, the liquid is weighed directly, usually by the use of two or 
Helical Thermal Electric tiore tanks resting upon scales filled and emptied alternately. Where 
Area Gate ee the quantities to be measured are comparatively small and the test is of 
Aas ine Ae r , hort duration, it is customary to empty and fill the tanks and effect the 
Cylinder and plunger Weighing by hand. Where large quantities are involved and continuous 


Hhxervations are to be made over a long period of time, this method is 
impractical because of the cost of attendance and the bulk of the weigh- 
Wie apparatus. When hot liquids are measured in this manner, evapora- 
tion may also cause an appreciable error. The principal use of the weigh- 
fie tank method has been for making boiler tests and for calibration 
"poses. For specific instructions concerning the weighing of feedwater 
* ineans of tanks and scales, consult ‘“ Rules for Conducting Boiler 
‘Yinls,” A.S.M.E. Code of 1925. 
8. Volumetric Meters. — In this class of positive meters, volumes 
i! not weights are measured, though the scale may be graduated to 
wl weight. For constant density the weight readings are fully as 
urate as the volume readings, but for varying densities corrections 
iwi be made. In some designs these corrections are automatically made 
(he meter mechanism. The volumetric meters of the positive type 
| commonly found in power plant practice are the tank, of which the 
loox, Fig. 621, is an example; the piston, Fig. 622; the disc, of which 
Nash, Fig. 623, is a typical example; and the rotary, Fig. 624, which 


Meters of the weighing, volumetric, and current es his total 
directly regardless of the rate of a while on ee pe 
: - | 
nd thermal class give rates of ow. M 
ies total quantity, a mechanism involving a time element 
ened fluid meters consist of two distinct parts cosh ata yar 
i first is the primary ; 
functions to perform. The é HP 
reas the fluid and is acted on directly by it hy i 
secondary element which translates the action of the a | ong : 
elements into volumes, weights, or rates of flow and indica 
ult. 
er term positive is used to designate those pe io 
i i ive isolated quantities, either by 
fluid passes in successive isola 
Then quantities are separated , the cain. a ) 
i i ainers 0 
alternately filling and emptying conta prays 
i ter without actuating 
uid can pass through such a me \ 
ete element of a positive meter consists of a counter 
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standpipe into the lower compartment. The water, rising in the lower 
compartment, seals the lower edge of the bell float and entraps a volume 
of air under the bell. Further rise compresses the air under the float, 
in leg C of the discharge pipe and in leg .A of the trip pipe AB. This 
vompression causes the float to rise to its highest position and raises ‘the 
standpipe from its seat, permitting the water in the upper chamber to 
pour into the lower vessel. Compression of air continues until the pres- 
sure becomes great enough to break the seal in the trip pipe. This action 
immediately reduces the pressure below the float, permits the latter to 
(lescend, sealing the upper chamber against further discharge, and allows 
the water in the lower compartment to siphon out through the discharge 
pipe. The number of discharges is recorded mechanically. The ball 
float and balance pressure valve are in operation only when the “ weigher ” 


| sizes. Piston, disc, and rotary mé 

de of the boiler-feed pump (the ¢ . 
ted) since a pressure difference is 
sary to actuate the mechanism, - 
tank meters are generally p 
the suction side. The former 
considerably less room than the 
but are subject to wear Wi 
sequent leakage and error in 
ings. In many plants where | 
disc, and rotary meters are 
the meter is by-passed so tha ; 
be operated for short periods 


is usually limited to smal 
usually placed on the pressure 1 
sation type of rotary meter excep 


f 
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Temperature Balance pereatare Supply 
ve 


























































i—rrtp Pipe, 4 s “ cut out ” for repairs. ja not working at its full capacity. This particular design is made in one 
il Storage Rewrvoir ghy..__||-Gase ye Ficure 621 shows a diag! fixe only, maximum capacity 35,000 Ib. per hr. 
1 ==|| Glass igur’ = or 3 9 ° A 
' = outline of the ‘ Wilcox l'igure 622 shows sections through a duplex-piston meter which is 

















fwentially the water end of a duplex double-acting pump having the 
#foxs-over valve motion at the bottom. The moving parts consist of two 
plungers and two side valves with a lever which conveys the motion of the 
plunger to the recording mechanism. By means of adjustable tappets 
il the ends of the cylinder, the length of 
the plunger stroke and consequently the 
isplacement per register may be altered. 
‘his provides means for calibrating the 
olor for any service. These meters are 
WO! suitable for capacities over 350 gal. 
f min. 

The disc meter, Fig. 623, consists of 
measuring chamber which is divided 
{0 two compartments by a disc revolv- 
about a spherical bearing. One com- as 
rtment is always filling while the other Fra. 623. Typical Dise Meter 
#mptying and thus an unbalanced fluid (Nash). 

wure moves the disc. Each revolution 

,} —_Sonet___—-) the dise displaces a definite volume of fluid. These meters are not 
nave iwtructed for capacities over 500 gal. per min. 

Fic. 622. ‘Typical Piston Meter (Worthington), l"igure 624 illustrates the principles of the Cadillac condensation meter, 
trating the rotary type. Its mechanism consists primarily of a cylin- 
4! copper drum divided into six scroll-shaped compartments, together 
case and an integrator. The fluid is admitted by means of a spout 
vluced axially at the center of the drum, and extending throughout its 
length is the inlet opening by which the water passes each com- 


Discharge Outlet Water Weigher,” illustrating a ' 
volumetric meter of _the 
class. The device consists of 
tank divided into an upper 
‘7 compartment by a horizontal partition and a fost <a 
reservoir. The water enters the upper or a thee ~ 
i ich i i d, and then ou 
n which its volume is measured, anc , “ 
| ‘Aisiuree pipe. The operation, beginning with both compartmen 


Fic. 621. Typical Tank Weigher 
(Wilcox). 


Dial 


Gear Chamber 









<n IY yyy 









is as follows: Water enters the upper ae throm 
pipe and rises to the top of the standpipe. (The vs . 7 pr | 
and bottom and is rigidly connected to the bel rt i he 
lowest position it is held against its seat by — ne 
Further admission of water causes it to overflow in 
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vonduits and where the velocity is sufficient to create an appreciable 
differential head. In the commercial designs of this class of meters, the 
simplest and most inexpensive device for indicating the rate of flow is the 
Hiunometer in any of its forms. Total quantities are obtained by taking 
periodic readings, averaging, and multiplying by the total time. The 
(lifference of head, and hence the rate of flow, may also be transmitted to 
indicating and recording points by the displacement of floats resting upon 
the surface of the liquid in the manometer, For recording total quanti- 
lies the time element must be introduced. The basic principle of the 
totalizing or integrating mechanism is illustrated in Fig. 626. 

Among the well-known dynamic meters used in power plants for meas- 
living the flow of fluids in pipes, may be mentioned the Builders’ Iron 
Voundry Company’s Venturi ; the “ Republic Flow ” (R.F.M.), “ General 
Wlectric ” (G-E), “ Cochrane,” and “ Bailey,” involving the use of orifices, 
flow nozzles, or Pitot tubes ; the “ Hyperbo-Electric,” employing the 
liyperbolic elbow; the “St. John’s,” utilizing an orifice and plug; and the 
" Simplex,” which has a Pitot tube for its primary element. 

lor satisfactory operation, the primary elements of all meters of the 
ilynamic class should have a straight run of pipe approximately 20 diam- 
lors in length ahead of them, and the water should be comparatively free 
from dirt or scale which may plug up the various openings or cause cor- 
wion of the nozzles or tubes. Violent fluctuations and pulsating flows 
) affect the accuracy of the read- 

mM. 
The Venturi tube consists of a tube 
vircular cross section, shaped as 
own in Fig. 625. Starting at the 
jetream flange, there is first a short 
lindrical piston, machined inside, which is substantially a continuation 
the pipe line. In this piston several small holes lead into a piezometer 
fi, so that a connection may be made for measuring the static pressure 
fore it enters the construction. An entrance cone of about 21 deg. 
il angle connects the short straight section with a short cylindrical 
oat. The latter is machined and provided with side holes leading to a 
someter ring for measuring the static pressure at this point. The end 
the throat leads into the exit cone or diffuser, which has a total angle 
tbout 5 to 7 deg. This terminates in the downstream flange for con- 
ling the Venturi to the following pipe line. Venturi tubes under 2 in. 
inineter are usually made entirely of bronze and finished inside through- 

the entire length, while the larger sizes are generally of cast iron with 


(hroat and the straight entrance lined with bronze and machined to a 
th finish, 


‘ oil 

artment successively as the drum rotates. aay ae = . 
4 directly beneath the spout, the incoming fluid i. s i na 
shape of the compartment causes the greater portion 


i ide line of the drum. By see 
tovone «ida gp me of gravity, the water 
the drum, until finally, when compa 
is full, the weight and location of 
have drawn compartment 2 beneath i 
This second compartment fills in its @ It 
draws compartment 3 into place, and 
in compartment 1 now begins to ove . 
its outer opening in the perimeter of the 
Compartment 1 does not commence 
charge until ‘compartment 3 is pa A 
All compartments are alike and each ft 
Fic. 624. Principle of the 4 gischarges the same volume ¢ 
Cadillac Condensation Meter. Pik Bitue\ dime stoned alll 





not exceeding 35 gal. per ~~ 
Meters. — 
339. Dynamic or Velocity ; “ 
of fluid creates a difference of pressure, or a differentia ; 


the primary device, this head depending upon the ae _ 
of the fluid. The Venturi tube oy i a : : a | 
i d Pitot tube f j 
ig. 623), hyperbolic elbow, an 
te ae employed for creating the differential wes PS 
The relation between pressure and velocity in all type 


velocity meters is expressed by the basic law 


V=CvVh 


In this class of meters the 4 





Fia. 625. Diagram of Venturi Tube. 


in which 


V = velocity, ft. per ste Foes 
= d of fluid producing flow, 1t., — : . 
5 = Tes cetally determined coefficient which varies with 


producing the differential head and other construction 


Meters of this class are suitable for saree ibs ee be 
vapors as well as that of liquids. The Venturi _ oe 
ssitate cutting the pipe line for their introduc om onl 
panne designed so that — cal a siege ire 
» but the Pitot tube may be msertec 4 
eeiiibes by merely drilling hole in ne re be . 
point, Dynamic meters are applicable only 
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The so-called theoretical equation of the Venturi meter for t dial and shaft. A cam on this shaft controls the positi f th 
F position o 
of water 1s @ io a also the degree of movement of the counter dial gurl 
Q=MvV2gh 3 peration of the registering mechanism is illustrated in Fig. 626. 
enturi Meter: Report of A.S.M.E. Speci a 
i i 29: .S.M.E. Special Research C ; : 
in which emirate. meter | tet 
i} rm hO, ; 


Q = rate of discharge, cu. ft. per sec., 
g= acceleration of gravity 
h = difference in head between t. 
connections, ft. of water, 
M = A/(r* — 1)!, where A 
stream pressure connection, 
throat diameter. 
and design of meter. 


The actual rate of discharge 
multiplying the calculated resu 
the throat speed, diameter of the 










|—Metal Disc for Chart 
Capillary Pen 


8 Day Clock 
in Metal Case 


Adjusting Stop 
4 Day Integrating Clock 


Main Shaft 


Fig. 626. Interior of Register Mechanism. 


tube transmit 
registering device. 
vertical wells, connec 
subjected to the inlet pressur 


tube. 


two pressures, causing one 
ment being transferred through rack and 





= 32.2 approx. for average purpe 4 
he static pressure at the two pie: 


= area of the entrance section at 
sq. ft., and r = ratio of entt 


M is therefore a constant for a gly 


may be obtained from equation ( 
Its by a coefficient C, which 
pipe, viscosity of the fluid, 


the difference of pressure at these points to the 
At the back of the register these pipes enter 
ted at the bottom by a small pipe, one 
e and the other to the throat p 
In each well is a heavy metal float resting upon mere 


flows from one well to the other in direct propo 
float to rise as the other descends, 


spur gearing to t 






























factors. In practi 
numerical value 
determined from 
mental tests. 
mercial type of V 
measuring the flow 
has a coefficient of 
over for all rates 
within its design 
of capacity. 

Figure 626 she 
terior of the 
mechanism for ind 
recording, and 
the rate of flo 
small tubes connee 
the inlet and thre 


rtion to the diff 


Oy of Flow 


Proc. Roy. Soe., Vol. A83, 1910, p. 366; Power, Jan. 23, 1912, p. 102 


















Velocity Chart 
Pen movement always 
proportional to velocity 


Sheave and Pen 
mounted on a shaft 
supported on pivots 


(high) | 
}| —Simplox Float 






X=Float trayel always 
proportional to 
velocity in main y H Fo Mercury Deflection 
balances difference 
between Impact and 


Mercury 
Reference pressures 
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Orifices 
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Direction 
—> 


Impact Orifice 
(See also cross section 
of orifices) 


Fia. 627. Principles of ‘“‘Simplex’”’ Pitot-tube Meter. 


Wigure 627 shows the princi i 
principles of operation of the ‘* Simplex ” 
ob ye seat attachment. A unique feature of this al o 
. Es." beh hea ep the direct indication or recording 
city head. en equal pressures are deliv: 
ered 
1 the two connections of the Pitot tube, the bell, under the influence 
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of its counterweight and its weight of water, stands i te, nn 
! lower level of the curved interior. When ohne oO oo ae 
sure, it moves downwards, displacing an amount of mercury 

? 


which is lifted upward into the 


h = vertical height of mercury column, in., 
d = density of the water, lb. per cu. ft. 


For a fairly continuous flow and pressure drop corresponding to 3 in. 
of mercury or more, this simple device gives results agreeing within 4 
per cent of tank weights; but for widely fluctuating flow and small pres- 
sure.drops the error may be considerably more. 

340. Weir Measurements. — For measuring the flow of streams or of 
large quantities of water in open conduits, the weir offers an accurate 
means of determining the rate of flow. Tor high heads, such as may be 
found in the measurement of large streams, the rectangular notch is com- 
monly used; but where the heads are comparatively low, as in most 
power plant service, the triangular notch is the more reliable. In the 
weir meter the area of the stream and the head are variable, but not 
independently. The variable area bears a definite relation to the velocity 
ind is indicated by the height of the level of the liquid measured over a 
horizontal plane at the base. For the ordinary rectangular notch with 
(wo contractions, and heads ranging from 38 in. to 2 ft., it has been found 
by experiment that 


float, until equilibrium has been establ 
The downward motion is proportional to the square root of the m 


dis i i fe) ional to the squa f th 
i placement, and since the latter 1s prop rt ‘ che uare 0. . 
ity it is evident that the movement of the float 1s directly propo 

? 


elocity or rate of flow. . a 
ae a description of commercial meters ae use: of 
ic elbows, see paragrap ; 
flow nozzles, and hyperbolic e , See Pi 
The appropriations of the great majority of small steam power 


do not permit of the installation of tank alias vera of ’ 
i i for measuring the w 
ms of commercial appliances ; 
es boilers. For use in such cases, an inexpensive and fairly 


Q = 3.33(6 — 0.2 h)h! (285) 
in which 


Q = cu. ft. per sec., 
b = length of the weir, ft., 
h = height of liquid passing over the weir, ft. 





Vor the triangular notch with 90-deg. angle, the rate of flow is 
Q = 0.305 hi (285a) 


Weir meters are also used extensively for the measurement of feedwater, 
tondensate, and blow-off discharge. Among the popular designs may be 
tentioned the Lea V-notch, Cochrane, Hoppes, Bailey, and Webster. 
"igure 629 shows the general principles of the Yarnall-Waring Company’s 
lea V-notch recording liquid meter. The head of water flowing over 
the notch is measured by means of a float operating in a still-water chamber 
ful of the path of flow. Movement of the float is transmitted to the 
lnclicating and recording apparatus through the agency of a small spindle. 
Tho upper end of the spindle indicates on a graduated scale the depth of 
wer over the weir. The movement of the spindle is also transmitted 
ough a gear to a rotating drum. This drum is grooved so that a 
der bar engaging the groove actuates a recording pen in direct propor- 
m to*the rate of flow. An integrating or totalizing mechanism may be 
lily attached to the slider bar. Variations in density due to temper- 


Xi age Cock ‘ 
tie: 628. Simple Indicating Water-meter. Orifice Type. 
ructed of ordinary pipe a 
trated in Fig. 628. A thin metal diaphragm with circular 7 : ’ 
serted on the pressure side of the feed pump, and the pea a 
the orifice is measured by an inclined mere. a | 
i indicati f the rate of flow. 

f mercury h is an indication 0 

i belie against tank measurements, the readings s, “a ; 
column may be graduated to read directly in Ib. per - te 
calibration are not available, the weight of discharge may 


mated from the formula 


indicating meter may be const 


W = 1120 a Vhd, 


in which 
W = weight flowing, Ib. per hr, 
a = area of the orifice, sq. In. 


L es alt 
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i float, since the 
matically compensated for by the » si 
cunt Seopa 4 sity decreases and vice versa. 


f immersion increases as the den: 
v wn h meters are available in a number of sizes and designs, with 
st ; 000 Ib. per hr., and readings } 


iti i f 1,000 
capacities up to a Maximum oF 1,UUV, an 
Natale calibrated are guaranteed to be accurate within 1 1/2 per 
of actual tank weight. f 
Weir Meters: Power, May 1, 1917, p. 
Eng. News, 1914, Vol. 2, p- 277; Proc. Am. Water 
Feb., 1920, p. 83. 


Inlet Balance 
Control Valve cannot 
be used on Stop Valve 


82; Trans. Neb. Soc. Engrs., Vol. 1, 
Wks. Ass’n, 1912; Mech. 








Lea Recorder 


Zero Pointer 








High Water Level 
Fin Storage Space 















































Fic. 629. Typical Weir Meter (Lea V-notch) 


341. Steam Measurements. — The quantity of eer are 
system may be determined (1) by collecting and ~— a a be 
at intervals or by passing it through suitable liqui Ne F 
the rate of flow of the steam itself in pipe lines. 7 
necessitates the use of surface condensers, tN ee 
in the system itself, and consequently has a vir ite et “— 
Any suitable type of water rset on vs ve ” a 

entral stations condensation m 
pista incorporated in the hotwell chamber of the er = 

342. Flow Meters. — Any of the inferential types C7) wi a 
lined in paragraph 336, with the exception of the ‘ phe tie a 
be arranged to measure ~ pa a —oveighae ps? a t he 

ial devices are of the ‘ dynam ; \ 
<ethielaanas of fluid flowing through an opening may be 


the equation 


measuring 


W = AyV 
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in which 
W = weight, lb. per sec., 
A = cross-sectional area, sq. ft., 


y = density of the fluid, lb. per cu. ft., 
V = velocity of flow, ft. per sec. 


All steam meters for indicating or recording the weight of steam flowing 
through a pipe are based upon the law expressed in equations (282) and 
(286). Thus, for steam of constant density, the opening through which 
it flows may be made constant and the variation in velocity will be an 
indication of the rate of discharge (“dynamic ” class); or the velocity 
may be held constant and a variation in the amount of opening will be an 
indication of the weight discharged (“ area” class). Unfortunately, the 
density of steam is seldom constant under commercial conditions, and 
herein lies the inherent defect of all steam meters which depend for their 
operation upon a variation in the area of efflux or a variation in velocity. 
The density of steam is a function of its pressure and quality, and any 
variation in either will affect the weight of discharge as determined from 
uation (286). Pressure and temperature variations may be automatic- 
lly compensated for, but corrections for quality must be made in each 
specific case. 

The average high-grade steam meter is a reliable and accurate means 
of measuring the flow of steam in straight lengths of pipes, provided the 
(uantity flowing is within the limits specified by the manufacturer, the 
flow is continuous, the change in the rate of flow is gradual, and the pres- 
sure and quality are practically constant. For low capacity, interrupted, 
or intermittent flow and for sudden variations in pressure or quality, the 
results are not so reliable and may be in error. The accuracy of all meters, 
provided they have been correctly calibrated and adjusted, depends 
largely upon the degree of refinement in reading the indicators and in 
integrating the charts. The commercial failure of many steam meters 
in due to the fact that they are not cared for or operated in strict accord- 
ince with the principles of design. 

republic Flow Meters. — These meters are of the dynamic class, in 
which the primary element is a Pitot tube or orifice, and the secondary 
sloment a mercury manometer actuating an electric current. The differ- 
ential pressure produced by the primary device is not used as a motive 
force for the operation of the mechanism. Its action is that of an electrical 
manometer. The indications of flow may be obtained on standard elec- 


trical switchboard instruments (fixed or portable type), having a high 
degree of instrumental precision, 


The use of this electrical method of measurement eliminates all cams, 
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floats, levers, gears, and stuffing boxes, removing er ee 7 
which lead to ee ?_- wesc ey rgb a 
further feature is the freec om of rep & Soto 
iring additional meter circuits under conditions tha ’ : 
ie devices in which be es fener * A 
i secondary device. In other : 

celal sce at which the secondary device can be located 
“ 4 . . . . ‘ 
Fate enta! principles = pena Ac he 
ody, or U-tube, is partly fille wi ' = 

eee the Brisas pressure of the flow in the pipe by coma 
rise of mercury in the low-pressure 
of the tube. The mercury column 
a part of the electric circuit, as 1 
trated. The electric circuit con 
fixed external resistance Ri in 80 

with a variable internal resistane 
’ an electromotive force EZ, a conduct 
indicator A, and a conductance 
tegrator W. In the contact chat 
C, which forms the low-pressure 
of the U-tube, there are a numb@ 
conductors of varying lengths 
above the mercury column, and as” 
ontact with one conductor after another, © 


variable resistance R2 is subdivided by these conductors into ere | 
corresponding to the varying lengths of the warerr pie ber 
ies the amount of res 
fall of the mercury column varies ) resis 
testing amount of electric conductance in the aa be 
ings of the electrical instruments are controlled solely by the 


in height of the mercury 
column and are independent 
of the electromotive a 
i d on the circul a: 
ainbesie current actually ir ris wane Boas a 
passing through the instru- pig, 631, Pitot Tube. (Republic Flow 
ments. 2 

Figure 631 shows t 
sist of two brass tubes th be 
other facing the opposite direction, 
or condensers through a common 
situations where the minimum flow in 





Fic. 630. Principle of the Republic 
Flow Meter. 


mercury rises it makes a c 





he general assembly of the Pitot tube, which 
3 with beveled edges, one facing the flow iG 
connected to corresponding re 
tube holder, Pitot tubes are 
the pipe is sufficient to m 
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perceptible difference in pressure, and where the maximum flow does not 
exceed the range of the mercury column in the meter body. 

The orifice plate consists of a monel metal disc with a circular opening 


in the center. The disc is inserted between two flanges in the line and 
produces a contracted area 


in the stream of the flow, 
which in turn creates the 
necessary pressure difference 
for actuating the mercury 
column. The orifice has the 
advantage over the Pitot 
tube in that the pressure 
difference may be varied 
Within certain limits for a given rate of flow by changing the size of 
vircular opening. 


Figure 633 shows a section through the meter body of the 
I"low ” 


Ae 
Centering Pin 


‘al : 


High ‘Pressure ; 
ee 
Fira. 632. Orifice Plate. 










(Republic Flow Meter.) 


“ Republic 
meter, which, as will be seen from the illustration, consists of a 


mercury chamber, a sealing device, and 


HGH PRESSURE InLeT. LOW PRESSURE INLET 













Pit. gs an internal resistance element. 

X JOD e0h 
“i Up S} General Electric Flow Meters. — The 
11 is , 


primary element in the “G-E” line 
of meters is either an orifice tube, flow 
nozzle or Pitot tube, and the secondary 
element consists of a specially designed 
U-tube mercury manometer in which 
the variations in mercury level are 
magnetically transmitted to the indica- 
ting and recording mechanism. Orifice 
tubes are used only for pipes under 2 
in. in diameter; flow nozzles for pipes 
2 in. or more in diameter if the maxi- 
mum flow is too low to be accurately 
measured with Pitot tube and in cases 
where the steam carries boiler com- 
pound or foreign matter; and Pitot 
tubes where it is not convenient to 
use flow nozzles. 

Figure 635 shows the location of 
the flow nozzle with reference to the 


=F 








P 






EQUALIZING 
VALVE 
SEAL 
U-TUBE 














"ia, 633, Meter Body, (Republic 
Flow Meter.) 


}rossure attachments, the distances A and B varying with the internal 
(ameter of the pipe. Figure 636 shows the general appearance of the 
orifice tube and Fig. 637 that of the Pitot tube or nozzle plug. Referring 
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Fic. 635. Typical Flow-noz- 
zle Installation. (G-E 


Meter.) 
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| i i sf trailing set” and LL 
ig. 637, TT are the static openings or 
ene openiall or “leading set.”” The plug is screwed into 


Fig. 634. Typical Arrangement of Republic Flow Meter in a Six-unit 


with the leading set directly facing the current, and connections ¢ 


ings 7 and L. 
eter are made through openings 
The secondary elements of the mechanically operated device co 





Fra, 637. Nozzle Plug. (G-E Meter.) 
rmanent installation. The general principles of the secondary 
of the stationary indicator mec 
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float resting on the top of the mercury in one leg of the U-tube is 
attached to a rack which engages a pinion mounted ona shaft, The shaft 
on which the pinion is mounted carries a small horseshoe magnet with its 
pole faces near and parallel to the inside of a copper plug fastened to the 
body of the meter. A small magnet is mounted on pivot bearings in such 
& manner that its poles are near and 
parallel to the outside surface of the 
copper plug, and its axis of rotation 
in line with the shaft carrying the 
magnet inside the case. The indica- 
ting needle is’ attached directly to 
this magnet. By means of the rack 
and pinion, the pulley carrying the 
magnet inside the body is rotated in Txtornal ; 
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MMA 


<Ss 
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proportion to the change of level of 
the mercury. Any motion of this Noedlo 
Magnet is transmitted magnetically 






































to the outside magnet carrying the Pinion \S ef | 
; indicating needle. — N p 
Boiler Plant. In the G-E mechanically operated N N N * 

5 nie indicating recorder, the dial is a cir- \ N 
Preengstn ‘Lee ular chart revolved by a spring- \ N 
7 (riven or synchronous-motor electric N N 
— tlock, and the positions of the indi- \ N 

a : tutor are recorded as a continuous line E \\ 








i 


R 
N 
=\ 


on the chart. Since the deflection of 
the indicating needle varies directly 
with the height of the mercury 
#olumn and the latter varies with the 
Mjuare of the velocity, it is evident 
that the ordinates of the chart do 
hol vary directly with the velocity; 
therefore, in integrating the chart for 
iloulating total flow, a special type of radial planimeter is required. 

The meter body of .the mechanically operated indicating-recording- 
Wilograting instrument differs from the others previously described in 
that the rack is of circular construction and the magnets are semi-circular 
Wi shape. The integrating mechanism consists of a cam mounted on the 
ine shaft and turning through the same angle as the indicating pointer, 
his cam limits the upward movement of an oscillating arm in proportion 
the rate of flow. The arm is oscillated back and forth once every 
hute by a small clock-operated heart-shaped cam, A ratchet mechan- 






ZS 
Li 


Fic. 636. One-and-one-half-inch Orifice 
(G-E Meter.) 





Fic. 638. Meter Body. (G-E 
Type F-12.) ‘ 


a plain indicating m 
manometer gradua 
inches where a 
As testing device is 
K@Y and a stationary ¢d 
Pged ~cator, a combined 
ting and recording, 
combined indicating 
ing-integrating 


haniam are shown in Tig, 638, 








832 STEAM POWER PLANT ENGINEERING 













ism at the pivot of the arm revolves the registering glass, and 
amount proportional to the displacement of the arm. The rate 
arranged so that only the upward movement of the arm actuates — 
registering gears. 

Figure 639 gives a diagrammatic view of a G-E electrically ope 
flow meter. The primary device consists of the same design of 0 
tube or flow nozzle as for the mechanically operated instrument. 
secondary device consists of a cast-iron meter body and is essential 
mercury manometer in which the base, or mercury well, forms one 


pressure. 






A-C Supply 












Indicating 
ammeter 


the height of mercury in the 
small leg of the U-tube contain- 
ing the internal transformer, 
which height is a function of 
the flow of gas or fluid in the 
pipe. 

Bailey Fluid Meters. — Figure 
(40 shows a section through 
the meter body of a Bailey 
Hluid meter, the primary element 
of which is of the thin-plate 
orifice type, and the secondary 
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AS SSSV 
iY --Y ecti: 
Mercury D: N 1 N Z pe porta por | 
y} N b—-N tloment a mercury manometer 


Pp} 


\ 
Fia. 639. Diagrammatic View of G-E Electrically Operated Flow Meter, 






totuating a “bell” float. The 
higher pressure is applied at P, 
ind the lower pressure at Po, 
through small tubes or pipes. 
The interior of the “bell cas- 
ing” is subjected to pressure 
/’,, and the interior of the mer- 





and the smaller chamber, in which a transformer is inserted, the 
The base, or large leg, of the U-tube is connected to the upstream 
the flow nozzle, and the small, or transformer leg, to the downstream 

Oi the outside of the meter body is mounted a small transform: 
function of which is to reduce the voltage applied to the internal 
former in the meter body as well as to act as an insulating transf 
One hundred and eight volts, held constant by the voltage regula 
applied to the primary of this transformer, while the secondary 
applied to the primary coil of the transformer in the meter body 
than 5 volts. 

In series with the primary of the outside transformer are the adj 
line resistance, voltage regulator resistance, and electrical 


instruments. 






TESTING AND MEASURING APPARATUS 833 


vor there is no flow of gas or fluid through the main pipe, the electrical 
instruments indicate the excitation current and the zero readings on the 
fe 8 meters pee Suppressed, so that zero flow corresponds 
xcitation current. hen the gas or fluid flows he: pi 
‘ through th 
—_ koe be a mrs pressure produced by the flow i, which 
causes the mercury in the meter body to rise in th. 
cee: ‘ e transformer | 
fall in the base until the unbalanced column balances the differential 


As this mercury ring rises around the pri i 
the primary coil of i 
former, more and more current is induced in it pecan 
supplied through the primary circuit, th i toni i 
e action bein i i 
mercury in the fiber cup as previously described, PAI 
If properly calibrated, the electrical instruments will accurately measure 


This current must be 


Py Fy 


‘Mercury 
Reservoir 


\ Bell Weight 


Bell Casing 


a i pt 
1G. 640. Section through Meter Body of 
a Bailey Fluid Meter. 


Hiry-sealed “bell” is subjected to the hi 

| gher pressure P. is di 
4 pressure pushes the bell upward, and, as it rises fio ee scene 
‘hange in the buoyant action of the mercury on the walls of thet ‘ 
ee the force due to the pressure difference Pe 
tnd thickness of wall and weigt i ' 

( f ght are designed so th ift is di 
proportional to the rate of flow through the orifice "This gieaaaia 
ioe chart with uniform graduations and simplifies the design of the 

ete mechanism. The principles of the totalizer are shown in Fig 
» fis a small friction wheel mounted on a shaft (the position of which 


The shape of the bell 


This gives a direct- 


——————— 
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i somtrolied by the displacement of the bell) and pee -_ | 
vanes of a clock-driven friction dise F. The rotations o 


i i the registering dials D. When 
mitted through suitable gearing to at i iS ee 


is at the center of th 
and is at rest. As S00! 
a, flow begins, the disp! 
ment of the bell moy 
gear away from the ¢ 
and its speed of rotati 
increased directly ins 
portion to the d 
Since the movement of the support carrying gear “1 is dine amy 
‘onal to the rate of flow, it follows that the number © aan 
Piicect measure of the total quantity for the time element inv 
Cochrane Meter. — Figure 642 
gives a diagrammatic outline of 
the principles involved in the 
Cochrane flow meter. The 
primary element is a thin, 
sharp-edged orifice which can 
be installed inside the bolts be- 
tween the flanges in the pipe 
line. The pressure difference is 
transmitted through suitable 
piping to the secondary ele- 
ment, which is essentially a 
U-tube’ mercury manometer 
mounted on knife edges. When 
there is no flow, the mercury in 
both legs of the manometer 1s 
at the same height and the sys- 
tem is in equilibrium. As soon 
as there is a flow, the mercury 
rises in one leg and falls in the 
other, causing the manometer 
to tilt in the direction of the 
greater weight. This motion 
is transmitted to the mere 
ial or recording pen. e 
‘ou is resisted by a cam attached to 
against a flat metallic strap. The eam 





Cantilever 
Spring 


Pia. 641. Totalizing Mechanism. (Bailey Meter.) 


ir-for Low 
en side of f 


Lo 
Cylinde aN 
Water CS “ 
(Sa) NS 


U-Tube 
Balance 


Cam 
Weight 


Fra. 642. Principles of the Coch 
Flow Meter. 


the U-tube beam and 
is so shaped that the t 


of flow may be read at a glance. 
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directly proportional to the rate of flow and permits the use of direct- 
reading charts with uniform graduations. The entire secondary element 
is housed in a casing 21 in. in diameter by 8 in. deep. This instrument 
is made to indicate and record, but no integrating attachment is provided. 


Corrections for change in density are made by applying “ correction 
factors”? to the chart readings. 


Hyberbo-Electric Flow Meter. — In this t 


pressure difference is effected by as 

tangular hyperbolic section, preceded by an approach bell and straighten- 
ing grids. The manufacturers claim that a stream-line flow is produced 
by the grids and elbow and the relation between pressure and centrifugal 
force is fixed; and because of the dependence of centrifugal force upon 
velocity, the relation between pressure and velocity is also fixed. The 
secondary element is a mercury manometer in 
which the variations in level of the mercury 
are transmitted electrically to the indicating, 
recording, and integrating devices. By means 
of a Wheatstone bridge and a relay mechanism, 
the measurements of flow are indicated, recorded, 
and totalized through the agency of suitable 
electrical instruments. Connections for pres- 
sure and temperature (if the steam is super- 
heated) are automatically compensated for by 
variations in the resistances of the bridge. 

St. John’s Meter. — Figure 643 represents a 
woction through a St. John’s steam meter, illus- 
trating a well-known design of area meter of 
the “orifice and plug” type. This meter was 
placed on the market about the year 1905 and 

hyp : ; Fig. 643. St. John’s Steam 
sill finds favor with many engineers. It records Meter. 
the weight of steam passing through the seat 
of an automatic lifting valve which rises and falls as the demand for 
ileam increases or diminishes. 

Referring to the illustration, valve V is weighted so that a pressure in 
space A 2 Ib. greater than that in B is necessary to raise the valve off its 
tout. This pressure difference is constant for all positions of the valve. 

The plug is tapered so that the rise of the steam pressure is directly pro- 
portional to the volume of steam flowing through the seat. The move- 
tient of the valve is transmitted through suitable levers to an indicating 
(inl and a recording pen, so that the instantaneous and continuous rate 


For a given pressure and quality of 
may be calibrated to read the weight 


ype of dynamic flow meter, the 
pecially shaped elbow having a rec- 





eum, the indicating dial and chart 
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of discharge directly, corrections being made for variations jc a | 
quality. The manufacturers guarantee the readings of the char ea 
in 2 per cent of condenser measurements for a total pressure Ryo a: 
from the mean pressure at which the chart is calibrated. i T as ie : 
back to this instrument is inherent in all meters of the ron = 4 
they are bulky and the steam line must be taken down for t insta. 
343. Pressure and Draft Gages. ie The Bourdon type “ “a 
indicating, Fig. 644, or recording, is the most familiar and sati 
means of measuring pressures up to 1500 
lb. per sq. in. or more, although a number 
of successful high-pressure gages are 
actuated by diaphragms. The Bourdon 
type is also available for measuring very 
low pressures and vacua, but the mercurial 
vacuum gage has the advantage of greater 
accuracy and is not subject to derange- 
ment. High-pressure gages of the Bourdon, 





Fic. 644. Principles diaphragm, or spring type, should be 
¢ et gaia ae frequently standardized since they are 
sure Gage. 


subject to error through use. 

For furnace draft and other low-pressure SINT 
there are a number of successful instruments on the ~~ et 
which depend for their action upon gravity, sylphon * — 
weighted diaphragms, and floats. The simplest and mos 
inexpensive type of indicating device for low pang: 
low-pressure differentials is some form of liquid manome : 
- These manometers are available in a wide range of sizes <7 
designs, from a plain vertical U-tube, Fig. 645, up to an instru- 
ment 30 in. in length and reading directly to 1/10-in. incre- 


inclined es, Fig. 646, giving total pressures 
aor. ce of 1/2 in. of water and grad 


to read to 0.01-in. increments. 
cury, water, and oil are the 1 
usually employed. The sensiti 
of these liquids to pressure chm 
are as follows (temperature of liq 
deg. fahr.): mercury 1, distilled 
13.6, 120-deg. water-white kerose 
The height of a vertical column of 
liquids (temperature 62 deg. fahr.) which will balance 7 prensa 
per sq. in, is as follows: mercury 2.04 in.; water 2.31 ft.; mee - 
By means of a suitable float, pen arm, and revolving clock, 








Fia. 646. Ellison Differential 
Draft Gage. 


nll Boece et | Stee 4 = 


ipplied at P; and the lower at Ps. Tf aslight suc- 
lion pressure is applied at Py», it is effective over the 
lnnide area of bell A and pulls it down into the 
liquid. The relative -motion between bells A and 
Ht is transmitted through levers LZ and pen arm 
/’ to the recorder pen. This instrument may be 
tlevigned to record pressures or pressure differences 
fi low as 0.001 in. of water, 
lite subject to serious error 
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manometer may be designed for recording purposes as in Fig, 647, The 
differential readings may also be multiplied by means of suitable linkage, 
as for example, in the General Electric steam meter, Fig. 638, 
or very low pressure differences a compound liquid gage, 
such as the Wahlen, is sometimes used, but this is more 
of a laboratory than a power plant instrument. 

The sylphon bellows offers a sensitive and reliable means 
of indicating and recording small pressure differences, and 
dispenses entirely with the use of liquids. The “ Precision” 


line of draft gages, Fig. 648, are 
6 B12 4 
P ‘ 2 ¢ y q 


based upon this principle and are 
e 
INCHES OF WATER 2 








constructed in single and multiple 

units, indicating and recording. 
Figure 649 illustrates the general 

principles of the Bailey recording 









draft gage, which is of the bell-float Ric. 647. 
Uehling Re- 

type. Two bells A and B are sus- : 
; cording Vac- 
pended from opposite ends of a uum Gage. 


beam (which is pivoted on knife- 
edge bearings) and are partly submerged in a 
light non-volatile oil as indicated. In measuring 
pressures less than atmospheric, connection: is 
made at Ps, and P, is 
left open to the atmos- 
phere. For pressures 
above atmospheric, con- 
nection is made at Py, 
and P» is left open. 
For measuring the dif- 
ference of two pressures, 
the higher pressure is 











Via. 648. 


Precision “3 in 1” 
Indicating Draft Gage. 








Fia. 649. Bailey Record- 
ing Draft Gage. 


though such low-pressure differential readings 
because of the many influencing factors, 
Measuring High Pressure with Dead Weight: Powor, Feb, 26, 1916, 


~ Combined Barometer and Vacuum Recorder: Power Plant Wngrg., Fob, 15, 1928, p. 250, 
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344. Temperature Measurements. — The various types of therm 
eters and pyrometers which are available for measuring temperature 
outlined in Table 107. The temperature ranges given are the extre 
for which the various types have been constructed, and while ce 
types are capable of measuring the entire range they are not necessa 
suitable for all purposes. . 

The engraved or etched-stem mercurial thermometer is commonly 
for special testing or laboratory purposes where the temperatures do- 
range beyond —35 to +900 deg. fahr. Only high-grade nitrogen-fi 

instruments should be used for temperatures ¢ 


fie of the thermocouple with the indicator. For obtaining con 
’ a Reta han RS curves, & recorder, operating on the same prin- 
ples as the indicator, is used in place of the latter. In many cases, it is 

’ 


TABLE 107 
TYPES OF THERMOMETERS IN GENERAL USE 


Range in deg. fahr, 
for which they 
can be used 


——_—_... 


Principle of Operation Type 


$s 
-_————— 



























400 deg. fahr. On account of their fragile © Wxpansion..,............. en depending on the | Gas............0....044 —400 to +2900 
struction and the difficulty of reading the s pom ape} bres be Mercury, Jena glass, and | —35 to +950 
‘ . ly wi nit ; 
they are little used in power plants for perma temperature. Glass pe petrol ether 395 
: . chiki aria. jj. .q .§ ..§  <-—<—<<<mmAmAsiaminnGtmenpe esi.) (5° 0026 00/0 60 cy 'fynelgtthe —325 to +1 
locations. The industrial type of glass therm — expansion of metal | 0 to i 
. ° 20,8 ” 5a : rods. 
ter, Fig. 650, while not as sensitive as the b epeeclsatan and vis- Those depending on the | The Uehling 0 
» . poalty.  —. tan. ho fever’ cats enh chee ee eee ame oO nad gaa dh to 2900 
bulb, is characterized by a heavy metal back pillars eee wee 
. . or sma. 
protecting tube for the bulb, large and dist - sedi apertures. 
? Mormoelectric........... Those dependi: . 
figures, and graduation marks, and threaded lemalbedetinka ted. eons ee +100 to +2900 
alk nections for attaching the instrument readily veloped by the differ- 
firmly to some part of the apparatus. The etel mien Re eres of 
. . ermoelec- 
stem and industrial type of glass thermometers tric junctions opposed to 
indicating only, and must be placed close to Wlootric resistance Face Fo ty 
, Placed ClOS@ VO "© resistance........ ing the in- | Di , ie 
point where the temperature is to be taken. crease in electric resi Mpertmgor pruned Waele... 
7 i 2 ‘ ; ; Tesist- or bridge and galvanometer. 
errors in measuring temperatures with this ¢ lend mwa. wath 
. . i . ure. 
thermometer are due, ordinarily, not so much Wadiation................ Those depending on th ; 
F 4 ; eh ae ng e Thermocouple in focus of 300 to 4000 
inaccuracies of the instrument as to the loe eat radiated by hot | mirror. 
| Bulb Chamber PB 5 Dotical bodies. Bolometer......... s 
and method of installation. PHA... cesses ceesewees Those utilizing the | Photometric comparison. 400 to Sun 
. x‘ é - ; 4 1s0n. 
For indicating or recording purposes, the bs: age Mee red bright- 
. : : . in e wa I 7 
Fra. 650, Industrial Type trical, pressure, or bimetallic type of instrumen length of the light pape neres Hy. a eee 
. . oye 8 ye i . ; r 
ee employed. Instruments utilizing the electri¢ emitted by an incan- | Nicol with quartz plate 
of Mercury -in- glass pee ‘ : . descent body. and anal . 
Thermometer. pressure principle permit of distant reading, Malorimetric............. Those depending on the teaiceatedl swith wat 
‘ * ; . water 32 
the bimetallic thermometer is the same as poate ast chs, bly | "vem ath sae 
‘ F . A ' a high tem- 
mercurial glass instrument in this respect. Pet perature, a 
. . . MOUs sco cssedepecates j 
The thermoelectric thermometer or pyrometer has come into wi¢ ’ Bi sa ror the | Alloys of various fusibilities. | 32 to 3850 
. . P usibilit; f 
as a reliable means of measuring temperatures from 100 to 2900. sualinihiatiie cos metihc re 










fahr. It consists essentially of three parts: (a) the thermocouple of 
different metals or alloys having a fused end (the hot junction), wh 
inserted where the temperature is to be taken, and the cold jun 
which are opposite to the hot junction and which are maintained at 
fixed temperature; (b) the indicator, which is either a millivoltme 
potentiometer, or a special type of instrument embodying both of | 
principles; and (c) two lead wires, usually of copper, connecting th 


enware blocks of varied 
composition. 





: RLY FEY IGF OP 9) AE AS dente marten. oe ee 
flesirable to install both instr : 

uments as illustrated i i 
ermocouples most frequently used are com rated in Fig. 651. The 


nerhodium (rare-metal) and chromel-c 
onstanta - 
h-constantan and chromel-alumel (base aia he sais 


posed of platinum and plati- 


metals), The rare-metal 
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pe hr. Ly 


iron-constantan up 
deg. fahr., and copp 
stantan up to 1400 de : 
When the “ hot juncti¢ 
the thermocouple is h 
an electromotive foree 
up which is a function 
temperature differene 


: ; ‘ -mumia 
tween its hot junction and its cold junction. The maxim 


lorminating in a thermostatic cold-junction box or bu 
iw shown in Fig. 653. 

The most accurate method for measuring 
ls by use of a potentiometer, the fundament, 
trated in Fig. 654. A constant current from 
the slide-wire resistance abe. One 

Wire of the couple 7 is connected to 

the movable contact b and the other 

Wire in series with a sensitive gal- 
Yinometer is connected to a. The = 
fontact b is moved until the gal- 


ried under-ground 


the e.m.f. of a thermocouple 
al principle of which is illus- 
the battery B flows through 








Fic. 651. Elements of a Typical Thermoelectric 
Pyrometer. 


. b 
Yinometer reads zero, thus showing 
it base- A 3 - 
veloped by mos h Primary Tube that no current is flowing through Fia. 654. Simple Wiring Diagram for 
metal couples, waen / the thermocouple circuit. i When Potentiometer Indicator. 
operated at the high- | ee this balance of zero setting is made, 
est safe working tem- Secondary Tube Insulating Tube 4 


perature, is somewhat Fic. 652. Engelhard ari Thea 
less than 70 milli- Protecting Tubes. 
feed = haat i san e.m.f. of about 16 
peck yas aah poles such small e.m.f.’'8, 
sensitive galvanometer is required. Two. 
of instruments are used for this purpose, 
conventional millivoltmeter and (2) the 
tiometer. Low-resistance millivoltmet 
more rugged and cheaper than the 
ance instruments, but are subject to 
errors in case of change in circuit 
The latter are preferred where the 
Cold End long and subject to considerable tem 
“wires variation. In either case, the tempe 
the “cold junctions ”’ must be kept 
where accuracy is essential, otherwise | 
Pipe Driven ings will be in error. This is due to 
ieee that the e.m.f. developed by a the nd 
depends upon the temperature dliffere 
tween its hot junction and cold j 
Joints Soldered rus for a constant hot-junction tem 
she the emi. will increase or decrease with ¢ 


i i f the cold } 

Figs aiig, Thermoooups or increase in temperature ©} ari 
a Extension : eae /hragm and liquid-manometer gages a 

rr Seals “4 Gold June- Corrections for variations in temperat 4 pe 


' ' ising liquid type is commerci li 
tion Buried in Ground. —ggJq_ junctions may be a pie on , g liq ca — 
sating lead wires of practically the same materia 


true e.m.f. of the couple is equal to the potential drop across ab, 
he calibration of the scale is in no way dependent upon the constancy 
iagnets, springs, jewel bearings, level of the instrument, or varia- 
0h due to ordinary changes in the resistance of the couple or of the 
tad wires. The entire potentiometer, galvanometer, battery, standard 
ll, slide wires, etc., as constructed, are mounted in a case not much 
feer than that. of a milli-voltmeter. Indicating potentiometers are 
greater in cost than other types of in- 
struments used for this purpose, and 
usually require manual adjustment for 
each setting. In the recorders the 
adjustment is automatic. 

Figure 655 shows a form of pressure 
thermometer which is used extensively 
for indicating and recording tempera- 
tures ranging from —60 to +1000 deg. 
fahr. It depends for its operation upon 
the pressure produced by a liquid or 
gas contained in a small bulb and 
035. Type NOL ors. exposed to the temperature to be 

mometer with Recorder. measured. The pressure is transmitted 
to the indicating or recording mech- 
i through a flexible capillary tube. The indicating or recording 









Indicator 
‘Recorder- 


Copper Leads 
to Instrument 






PRE ZL 
mated vhs, ett 


Porcelain Bulb 











Thermo- 
couple 


mited to temperature ranges 
60 to +200 deg. fahr, with a length of connecting tubing not exceed- 
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ing 25 ft. The vaporizing aaa — fer pla ae up 
400 deg. fahr. wi 
sc: toil my intended for pe oie ranging from +120 
ith tubing lengths up to ft. ‘ 
<i ite which most metals offer to megres he 
current through them varies with the ep en ae 
mensions having a higher resistance when bbe hae 
measuring the resistance of a coil of wire, 1° eas Ne 
its temperature or that of the substance in whic ne 
ments used for measuring the resistance consis eer 
stone bridge and a galvanometer. These instrum re 
or recording. Electric-resistance eer arr oe s ae 
measuring temperatures from —330 to +1300 deg. . 


table furnished by the manufacturers. 


' 
og 


Pyroscope,”’ “ Scimatco,” “ F and F,” and “ Holborn-Kurlbaun,” 


source of heat, a cone 
of rays of definite ath 
(ingle is reflected by 
Means of the mirror 
lipon a thermocouple 
located in its focus. 


To Galvanometer 


: mber of thermomet The — electromotive 

te or frst up mee 

may be eas 1 scale of the instrument may be calibrated lived in terms of 

switches, an al tal temperature range of the system. The | the temperature of :, 
any part of the to ter bulbs and instruments may be as ft the source of heat Fra. 657, Péey Radiation P ~ 
inte wd saree paid there is little temperature Vv by » millivoltmeter. Saas Missi fia exact «- - 
several hundred feet, p 


the leads. 


of optical and radia 
rometers have been 
In such devices no p 
instrument is exposed — 
temperature to be ft 
and hence the app 
fers no injury from 
Optical pyrometers 
upon the measureme 
Fic. 656. Leeds and Northrup Optical brightness of the hot . 


fn the ‘ Foster.” 


between two apertures, thus: 


WW no change in the partial vacuum in the chamber between them; if 
however, the air passing through the first opening has a higher temperatur 





i i 1 at the focal point of an 6 
ll electric lamp, /’, is placec | 
Wiiesa Miat ” or eye sete! The assembly forms an peer 
pgs inet poses upon the lamp the image of the ieee a 
oiies is mounted at the ocular to see pinnate “ ms 
i i ’ t throug © 
ight. In making a setting, curren : 
er of a rheostat until the tip or some definite srw be be 
the same brightness as the source viewed. The rela 


wer temperature. This style of pyrometer is made to indicate and 

word, and the indicating and recording mechanism can be placed at a 

#tunce from the main instrument. 

Kimetallic thermometers utilizing the turning moment produced by the 

Norential expansion of two metals brazed together, or the linear differ- 

tinl expansion of two rods having different coefficients of expansion are 
| for certain industrial processes where the temperatures range from 
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through the lamp and temperature is either calculated or read from a 


Neither the couple nor any part of the instrument is ever subjected 


“ure a te - fahr. The indications are prac- 
4 taining the temperatures of toa temperature much above 150 deg p 
For higher temperatures va eit ately fh boiler furnaces, livally independent of the distance from the source of heat, and the range 
spaces above about 2500 deg. A ovens, and kilns, vari 


is without limit. Other makes of radiation pyrometers are the “ Thwing’’ 


The Uehling pyrometer depends for its operation upon the flow of gas 
Air is continuously drawn through two 
fipertures by a constant suction produced by an aspirator. So long as 
the air has the same temperature in passing through these orifices, there 


? 


C 
thin that passing through the second, the vacuum in the chamber will 


Werease in proportion to the difference in temperature since the volume 


Mf vir varies directly with the temperature. In the application of this 
Ky comparison Witt i JWinciple, the first aperture is located in a nickel tube which is exposed to 
. i in Fig oe the heat to be measured, while the second aperture is kept at a uniform 
tical pyrometer is shown in 
The Leeds and Northrup op 


Other popular makes of optical pyrometers are the “ Wanner,” “ Shore 


Radiation pyrometers depend upon the measurement of the heat 
radiated from the hot body. The Féry radiation pyrometer, Fig. 657, is 
the best-known instrument of this type. When it is focused upon the 
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commonly used devices depend upon the centrifugal force of revolving 
weights for their operation. The indicating needle is attached to the 
weights in such a manner that the number of revolutions per minute is 
read directly from the position of the needle on the dial. These instru- 
ments should be calibrated for accurate work because of the number of 
wearing parts. 

Fluid tachometers consist essentially of small centrifugal pumps or 
blowers discharging into a suitable type of manometer. The height of 
the indicating column is a function of the speed of rotation. The applica- 
lion of this type of tachometer is found in the Bailey recording stoker 
tachometer. In this particular design the suction side of a small centrif- 
gal blower is attached to one bell and the discharge to the other bell of a 
Bailey draft recorder. 

Electrical. tachometers are miniature dynamos, the voltage being a 
measure of the speed of rotation. These instruments are accurate and 
teadily attached but necessitate the use of a delicate and costly voltmeter. 
The indicating mechanism may be placed at any distance from the small 
(lynamo and in this respect has a marked advantage over the other types 
of speed indicators. 

The resonance tachometer affords a convenient method of measuring 
speeds over a wide range. It consists of a number of steel reeds of differ- 


—40 to +500 deg. fahr., but are not much in evidence in the power 
The bimetallic principle, however, is used in a number of autom 
perature-controlling systems. 
Pyrometric Practice: U. S. Bureau of Standards, Technologic Paper No. ; 
16, 1921. . 
345. Power Measurements. — Instruments for the measurem( 
power may be divided into two general classes, direct and indi 
former involve the direct measurement of force and linear ve : 
torque and angular velocity, and the latter give the pai 
forms of energy. Direct power-measuring appliances include © 
speed indicators, transmission and absorption dynamometers; 
indirect include ammeters, voltmeters, watt-hour meters, 
meters, and the like. In all power measurements the time 0! 
factor is readily determined, but the force or torque factor, % equi 
often involves considerable labor and the use of costly an a | 
apparatus. The various ne ai Ping for the measurement 6 
are given in Appendix A. 
wat yong Speed. — The following chart gives 7. 
tion of a number of well-known instruments for determining 


angular velocities. 


RRM sss You @nt periodicity mounted side by side on a suitable frame. When used to 
sce ch i eh a Greene Fras a { Blectrical Measure the speed of an engine or turbine, the instrument is placed on or 
Centrifugal....... <n aude {(Teiaee fear the bed plate or frame and the slight under or over balance causes 

at See NR tinisshia the proper reed to vibrate in unison. ; 
ete DROHAE!. NE Tk ae Frabintl M47. Steam-engine Indicators. — This subject has been extensively 
Maqneqaamanesl +2 CNN ay treated by various authorities and a general discussion would be without 
Chronographs.......-+++- { ati a purpose. For indicated horsepower, testing indicator springs, and analysis 


tr indicator diagrams see “ Rules for Conducting Steam Engine Tests,” 
A.S.M.E. Code of 1925. 

448. Dynamometers. — Dynamometers for measuring power are of 
two distinct types, absorption and transmission. In the former the 
wor is absorbed or converted into energy of another form, while in the 
ee the power is transmitted through the apparatus without loss, 
#xeopt for minor friction losses in the mechanism itself. 

The ordinary Prony brake is the most common form of absorption 
flynumometer. In the various forms of Prony brakes, the power is ab- 
torbed by a friction brake applied to the rim of a pulley. For low rubbing 
joods and comparatively small powers it affords a simple and inexpensive 
ons of measuring the actual output. 

The Alden absorption dynamometer is a successful form of frietion 
ke and has a wide field of application, It has been constructed in 


The most commonly used device for speed determinations is 
speed counter, consisting of a worm, worm wheel, and indicat i 
The errors to be corrected are principally those due to slipping 
point on the shaft, and to the slip of the gears in the ier 
putting in and out of operation. In some of the better grades 
ments, the gears are engaged or disengaged with the point in — 
the shaft. In the latter design a stop watch, actuated by fe - 
ment gear, minimizes the error likely to occur in hand mae on 

The continuous counter consists of a series of gears arrange too 
a set of indicating dials. It may be operated by either rotary or 
cating motion. The rate of rotation is calculated from the 

r. 
a rsetech indicate directly the speed of the machine 
they are attached and are independent of time determination, 
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349. Flue-Gas Analysis. — It has been shown (paragraph 46) that the 
products of combustion, commonly called flue gases, resulting from the 
complete oxidation of coal with theoretical air supply, consist chiefly of 
nitrogen and carbon dioxide, with lesser amounts of water vapor and 
sulphur dioxide. It was also shown that with incomplete combustion 
the flue gases may contain carbon monoxide and varying amounts of 
hydrocarbon. If excess air were used in the combustion of the fuel, free 
oxygen would also be present in the gases. [vidently an analysis of the 
flue gases. offers a basis for judging the efficiency of combustion. The 
first step in the analysis, and the most important one, is the obtaining 
of a representative sample. Since the gases in the breeching and flues 
inay be far from homogeneous, great care must be exercised in getting a 
true average sample. (Sampling and Analyzing Flue Gases, U. 8. Bureau 
of Mines, Bul. No. 97, 1915.) 

The analysis as ordinarily made in commercial practice is called volu- 
tnetric, although in reality it is based upon the determination of partial 
pressures. According to Dalton’s laws, 

When a number of gases are confined —_Xe*le Me 
ln a given space each gas occupies 
the total volume at its own partial 
pressure, and the total pressure is the 
fun of all the partial pressures. 
When one of the gases is absorbed by 
fi suitable medium and the remaining 
fises are compressed back to the 
Original total pressure, a volume de- 
frease is found, and if the tempera- 
fire remains constant this decrease 
fepresents the volume absorbed. 
The apparatus usually employed 
for volumetric analysis consists of a 
fraduated measuring tube into which Height 1434 in, 
the gases are drawn and accurately Pine: 
ensured under a given pressure, and 4 
fh weries of treating tubes, containing 
the necessary absorbing reagents, into ) 
Which they are transferred until] !! ie Onaet age: (Hays 
lworption is complete. The Orsat eg ithe apne 
paratus, Fig. 658, forms the basis of nearly all of the portable 
pliances on the market for analyzing flue gases and the ordinary 
xlucts of combustion, In. this “apparatus © measured volume, rep- 
‘nting an average sample of the gus, is forced successively through 


i i f tical ranges of speed. For a ¢ 
sizes and is adapted to all prac 
Pog rope brakes and the Alden absorption dynamometers see A . 
No. 19, p. 179, A.8.M.I. Code of 1915. é ae 
Water brakes are finding much ec thaens matt me a “| 
i the Westinghouse an fe 
service. There are two types, ’ 7 
the former, the rotor consists of a simple drum vith oan be. 
revolving in a simple casing, the inner surface of w “i “a a 
manner similar to the rotor. The resistance is produce A ( 
and impact, and the power is converted into heat which Z “i 
by the circulating water. The rg is free naan -* os 
i al ion by a lever arm. 
but is held against rotation 1° Oe 
arm is determined as in a Prony brake. A brake my! a : 
in diameter and 10 in. wide, will absorb ae ia a ‘a 
ists of a number of smo: mou 
In the Stumpf type, the rotor consis umber of smog aa 
i i haft. The casing is divided in . 
side by side on a common s casi divided aan 
ding to the division o e % ! 
compartments correspon Pigastnge. he a 
e friction between 
contact between rotor and casing. re 
i tate the latter and the 
nd the water and casing tends to ro 
Mage ch in the usual way. In either type, the power output 1s 
lied by the water supply. 7 
be eat and fan brakes are also used as absorption —_ . 
The latter are commonly used in connection with automobile 
Be tanith brakes are occasionally used for power meas 
They consist essentially of a metal dise or wheel revolving in a 
field. The resistance or drag tends to revolve the field casing 
ue is measured in the usual way. ! | 
nv electric generator mounted on knife edges forms hoa 
Sprague electric dynamometer. The prime mover ere: ee 
of the generator and the reaction between armature an e , 
balanced by suitable weights. The output 1s conveniently rep 
heostat. ; 
’ wn oar dynamometers are seldom used for testing eo 
and are ordinarily limited to small power measurements. n 
stances, however, as in marine service, transmission fare 
the uni practical means of ty Bi the net voneee 
tively small power measu 
the propeller. For compara aS ies 
i urand, Lewis, Webber, 
mentioned the Morin, Kennerson, wee ae 
issi d for large powers, the Denny ' 
transmission dynamometers, an ’ lpr 
i i the Hopkinson optical tors 
trical torsion meter and ) ? 
itll descriptions of these appliances consult ‘ Ixperim 
neering,” Carpenter and Diederichs, Chap. X. 
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pipettes containing solutions of caustic potash, pyrogallic acid, 
cuprous chloride in hydrochloric acid, respectively, thus absorbix 
carbon dioxide, the oxygen, and the carbon monoxide, the contracti 
volume being measured in each case. 
ing the gas sample, its transference to the pipéttes and manipulati 
the various valves differ with each design of apparatus and the ir 
tions of the manufacturer should be faithfully followed. For a 
prehensive discussion of analyses of flue gases in general, consult “ A 
sis of Flue Gases’ by Henry Kreisinger and F. K. Ovitz, B 
Mines, Bul. No. 97, 1915. 

The Hempel apparatus works on the same principle as the simpl 
of Orsat apparatus described, so far as the latter is applicable, exe 
that the absorption may be hastened by shaking the pipettes b 
bringing the chemical into intimate contact with the gas. 
apparatus is less portable and requires more careful manipulation 
the Orsat, and for this reason is more of a laboratory than a power 
The absorption pipettes are made in sets, which are 


instrument. 





Fig. 658a. 


where there are but small amounts of CO, H, 
and hydrocarbons, no attempt is made to 
analyze other than the COs. 
small inexpensive portable devices are avail- 
able for this purpose, among which may be 
mentioned the ‘ Dwight,’ ‘Republic Flue 
Gas Analyzer,’ ‘“‘Hays Single Pipette Gas 


Analyzer,’ and “ Bacharach Pocket CO, 
Indicator.” nD f 
The general principle of the Dwight CO, Indi- | 7 


cator is illustrated in Fig. 659. 
‘sentially of a small hard-rubber vessel equipped 
with a sensitive vacuum gage and partly filled with a solution o 
potash. A film of oil seals the potash solution against contact wi 


Hempel 
Pipette. 
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The exact process of m 


The 


form of globes, and a number of -independen 
are required for the treatment of the differe 
stituent gases. A simple pipette of the Hemp 
is shown in Fig. 658a. 

The standard Orsat apparatus is equipped fe 
analaysis of CO., CO, and O, only, but some ¢ 
are on the market in which provision has been 
for the analysis of illuminants, hydrogen, and met 
‘in addition to these three 
gases. 

For rough surveys or 


A number of 


Fria. 659. Dwight © 
cator, 


It consists es- 
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gas when the apparatus is not in use. Operation is as follows: A sample 
of gas is introduced into the vessel by means of a rubber pump. The 
inlet valve and the valve connecting the gage with the vessel are closed. 
The vessel is then shaken violently so that the oil film is broken and the 
gas and caustic thoroughly mixed. The volume of gas absorbed is in- 
dicated by the vacuum registered on the gage. 

The majority of CO, indicator recorders are of the absorption type; 
that is, the measurements are controlled by the absorption of CQ, by 
KOH, either liquid or granular. Among the well-known instruments of 
this type may be mentioned the ‘ Republic,” ‘“ Hays,” ‘“ Precision,” 
" Foxboro,” “ Tag-Mona,” and “ Uehling.” The motive power for 
ictuating the mechanism may be steam, water, flue draft or electricity. 
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Fia. 660. 


“Republic” CO, Recorder (Front Door Open), 


‘igure 660 shows a general assembly of the “ Republic ” Co, Recorder, 
Which is representative of the absorption type. This instrument depends 
tipon the flow of water for its operation, but is so constructed that a con- 
siderable variation in supply will not affect its proper functioning. The 
« is drawn continuously through a suitable filter from the furnace or 

roeching to the instrument by means of an aspirator of the water-jet, 
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i lig. 660, enters the instrument at conne 
OE owe ot ric. in the oil seal Z for the wee 7 _—_ 
etext temperature of the oil. It then passes — ’ hi 
the case and follows through the jet x and nepirator an | 
T. The water flowing through the jet forms a ¥ ia “a . 
the gas from the furnace through the indicator bo 
“The ee anc pit water column also rises in the 
connected to the water column at CC. When oe oa 
tubes aa, it seals off a definite volume of gas con sind 
As the water continues to rise, it fills the asc 0 irre —_ 
the pipette through the gas tube U into = nee nnn 
I cae batts late tn tho tong and ieee to-the agi 
length of the baffle plate in ine 

tained in the gas, leaving an : 

OP ichanpioes ocuah outlet S and raises float C to a height p 
i ue gas. 
orate A ee. eae the water column, it ij 7 I 
system until it strikes bumper bb. The water om, a a : 
doat of siphon Z, causing the siphon system to sink. on 
is submerged, the water is siphoned out of the rei) oe a 
ies F. H and O connecting with drain pipe B. r s fen em 
lowered ‘balow Q, it releases the seal of the tube lea ri re 
through the potash tank. The float C pie 7 res 

ei. Gains » e tk renee pipette discharges thro 

i er re , 

a iy Sie tobaae of gas from the gas passage at W. Whi 
Rea | des to point H, air is admitted and the siphon action 
Ti datiec the water siphons from the main siphon L through the 
at agg ae is measuring the charge of gas, the ee K 
in it and in the connecting gas pat i. poate ee 7 ‘a 

i i 1 emen 
a perience to fill again, repeating the ¢ 
aspi ; 






























a, recording mechanism is mounted on the door. When the de 


losed, arm 2, rigidly connected to recording pen staff, — ing 
tion di tl Over rod attached to float C, and pen retainer 1is 

pi m at J. The final movement of the water raises fl 
sii in ws frietion surface of 1 from wheel 3. This allows pen 
+ 2 esty on the float rod, registering the amount of ron 
iret recedes, pen retainer 1 rests on the wheel holding the pen in p 


i Vol D.C, Recorder 
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until the next charge. This gives a continuous chart record, and the 
added feature of an indicating instrument. 


The Uehling Composimeter is another 
tinuously recording the percentage of 
CO in the flue gas. The principles of 
this apparatus are illustrated in Fig. 661. 
The device consists primarily of a filter, 
ubsorption chamber, two orifices, A and 
B, and a small steam aspirator. Gas 
is drawn from the usual source, by 
means of the aspirator, through a pre- 
liminary filter located at the boiler, 
and then through a second filter as illus- 
trated in the diagram. From the latter i 
the gas passes through orifice A, thence hi 
(through the absorption chamber and 
orifice B to the aspirator where it is 


successful instrument for con- 


To Boller Room Indicator 
(= Recording Gauge 








(lischarged. The CO, is absorbed by Teflcsting_, | 

the caustic potash solution in the sapere 
ubsorption chamber. This reduces the ator jar i ft x 

volume and causes a change in tension ~ EY Batis Overtow 


hetween the two orifices in proportion Fra. 661. rN pints Mahbity 
to the CO, content of the gas. This . ‘ 


Variation in tension is indicated by the water column, as shown, and is 


transmitted by suitable piping to the recording mechanism which may 


be placed at a considerable 
distance from the boiler 
room. 

Figure 662 gives a dia- 
grammatic outline ‘of the 
Engelhard Gas Analyzer 
which operates on the 

’ thermal conductivity basis 
and does away entirely with 
liquids and gas-absorbing 
reagents. The fundamental 
principle is that of compari- 
son of two resistance wires 


electrically heated, one sur- 
yinded by. a standard or reference gas, the second by the gas being 


lyzed. These wires are connected into a Wheatstone bridge system 
shown, Each of the two resistance wires, which are of 0.6 mm. diam- 





O——— To Aspirator 
or Discharge 






Indicator or 


I'ta, 662, Principle of Engelhard Gas Analyzer, 
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eter platinum, are mounted in a heavy-wall copper tube of small | 
diameter. When the two gases are identical in composition, both 
are at the same temperature and the bridge is in balance. If the th 
conduction of one gas is different from that of the other, there will 
temperature difference in the wires and this will effect an unba 
condition of the bridge. This unbalanced effect may be indicate 
recorded by suitable instruments calibrated to read directly in 
the gas being analyzed. Electrical gas analyzers have so many advan 
over the caustic or absorption type that it is safe to predict that 
will eventually supersede the latter for continuous service, indicatir 
recording. 
_ 350, Combination Instruments. — Instead of employing an indivi 
dial or chart for each indicating or recording instrument, the 
indications or graphs may be grouped in a single instrument. 
not only makes it possible to visualize the simultaneous readings of 
sures, temperatures, and the like, but also offers a means of incre 
the efficiency of operation without a knowledge of the actual val 
the quantities involved. For example, the heat loss in the dry chit 
gas is a product of weight, mean specific heat, temperature of 
entering the furnace, and temperature of the flue gas. Since the 1 
specific heat is practically constant for the temperature range in p 
and that of the air entering the furnace varies within a compa: 
narrow range, it is evident that the heat loss is primarily dependent 
the product of the weight and temperature of the flue gas. It has 
shown that for a given class of fuel the per cent of CO, in the fl 
is an index of the weight of gas. Therefore, a single chart upon 
the variation in CO, and flue-gas temperature is recorded is substantl 
a relative-efficiency meter. Thus any change in the method of fi 
operation which lowers the temperature reading and at the same 
increases the CO, content: (within the maximum per cent of CO, 
missible for the particular installation under consideration) will 
in decreased stack losses irrespective of the actual temperature and 
content. 

The rate of flow of the flue gas for a given grade of fuel and & 
boiler equipment is a function of the draft-pressure drop between 
box and uptake or between passes in the boiler, because the resist 
of the gas passages may be likened to an orifice. Therefore, a # 
chart upon which the variation in draft-pressure drop and flue-gas 
perature is recorded performs duties similar to those of the combing 
instrument previously described. 

| The weight of air required for the complete combustion per Ih 
given grade of fuel is a definite amount, and the heat generated 












































mineer. “Figure 663 shows t 
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for a boiler and furnace equipment, 
definite relationship between steam 
giving combined readings of steam 
in maintaining efficient combustion 


of fuel is equally definite ; therefore, 
grade of fuel, and load, there is a 
output and air flow. An instrument 
flow and air flow is therefore of value 
at various ratings. 
a ¢ a 5 ins readings may be combined on one chart, 
ion of ash and soot on the tubes, | i : 
e es, leaky settings, and b 
- P 2 ‘elie ae air flow readings based on Drea en 
combustion may greatly offset th i ; 
readings; but, taking all things j idera ” chose, ual 
5 bt gs into consideration, th i 
of combination or relative effici i ve consi daha 
ciency instruments have considerabl i 
and may be the means of effecting increased economy if pro ly mre 
and intelligently studied. aie 
Am - i 
pall a a known instruments may be mentioned the following: 
Scien re combining, on a simple graphical chart readings 
, air flow, and flue-gas temperatures, and in special cases 
? 


temperature of the ash leavi i 
Se ng the grate. Fire-box draft indications may 


Republic Steam COz Recorder, givi i 

ie whit ", glving continuous records of the steam 
H ays Automatic COs and Draft Recorder. 
Kingelhard Combination CO. and Flue-Gas Indicator-Recorder 


451. Boiler Control Boards. 


cient ommuine ae ae ht Tht the large modern central station, 


ous units composing the plant is greatly 





lia. 663. Individual Boiler 


Maa ei Fra. 664. Boiler Section Con- 


trol Board. 


g instruments on a control board and by 
be conveniently studied by the operating 
he individual control board as installed 


fore each boiler unit in the Northwest plant of the Commonwealth 
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Edison Company of Chicago, and Fig. 664 shows the section control be 
for each turbine unit. The individual control board is mounted on 
front of the boiler casing, and the section board is placed at the end 
the battery of boilers near the wall dividing the boiler from the t 
room. With reference to Fig. 663, the two instruments at the top 
steam-flow meters — one on each steam lead — with indicating, 
ing, and integrating attachments. These meters show the amount 
steam delivered at any time by the boiler and give a complete recor 
its delivery. The three recording gages below show the temperatur 
uptake from the boiler, the temperature of the feedwater leaving 
economizer and entering the boiler, and the temperature of the flue ¢ 
leaving the economizers. Below and at the left is a CO: recorder, 
at the right-hand corner are two indicating draft gages, one conn@ 
to the furnace and the other to the uptake. With reference to the sec 
control board, the two flow meters at the top measure the steam 
to the turbine and the feedwater input to the boilers, respectively. — 
recording thermometers immediately below show the temperature ol 
steam entering the turbine and the temperature of the feedwater ent 
the economizer, respectively. Below these are two recording pre 
gages showing the pressure on the steam header and on the boiler 
header, respectively, while in the center of the board is a clock and 
that an indicating wattmeter showing the output of the turbo-gener 
unit which is direct connected to these boilers. Where automati¢ 
weighing devices are in use, the individual control board includes the | 
measuring dials. By the use of these instruments a very complete ¢ 
is obtained of the performance of individual boilers of the entire unit, 
352. Steam Calorimeters. — Several forms of calorimeters are avail 
for determining the quality of the 
The simplest, as well as the most sa 
tory, if the percentage of entrained 1 
ture is not beyond its range, is the 
tling calorimeter, Fig. 665. In this d 
the sample of steam, which is taken 
the steam pipe by means of the perf: 
nipple, is allowed to expand through & 
small orifice into a chamber open to 
atmosphere. The excess of heat liber 
Fig. 665. Throttling Calorim- serves first to evaporate any mo 
eter. present and then to superheat the # 

at the lower pressure. From the observed temperatures and press 
is easy to calculate, with the aid of steam tables, the percentage of 
ture in the original sample. See paragraph 391. 


Thermometer 


Globe 
Valve 








ani 


of any degree of wetness. 
tage glass, not shown, for indicating the weight of water which accumu- 
lates only when the steam is too wet to be superheated. 
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The limit of the throttling calorimeter depends upon the steam pressure 
and is about 3 per cent of moisture at 80 lb. pressure and about 5 per 
cent at 200 Ib. For steam containing greater percentages of moisture 
the separating calorimeter, Fig. 666, is sometimes used. This instrument 
is virtually a steam separator and mechanically separates the moisture 
from the sample of steam. The water thus separated collects in a reser- 
voir provided with a gage glass and a graduated scale, while the dry ston 
passes through an orifice to the atmosphere. The weight of dry steam 
per unit of time is indicated on the gage, calculated according to Napier’s 
rule, or may be determined by condensing and weighing. The accuracy 
of the moisture determination is greatly affected by the difficulty of 
obtaining true samples of steam containing large percentages of moisture. 
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Fie. 667. Universal Calorimeter. 


Nia, 666. Separating Calorimeter. 


igure 667 shows the Ellison universal steam calorimeter, which com- 
hines the separating and throttling principles and is adapted to steam 
The separating chamber is provided with a 


Throttling Calorimeters: Power, Dec., 1907, p. 891; Trans, A.S.M.E., 17-151; 


17}, 16-448; Engr. U. 8., Feb. 15, 1907, p. 219. 


Separating Calorimeters: Trans. A.S.M.E., 17-608; Engr. U. S., Feb. 1 
Uneaten Cee ASMGNetbOet tc jor pr are 
Thomas Electrical Calorimeter: Powor, Nov,, 1907, p. 701. 
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353. Fuel Calorimeters. — The analysis and heat evaluation of 1 
require considerable time and skill and much costly apparatus; hen 
most power plants it is customary to depend upon a specialist to wh 
samples are submitted from time to time. In many large stations, 
ever, the conditions often warrant the establishment of a testing 1 
tory equipped for the proximate analysis of coal and the dete 
of the calorific value of the solid, liquid or gaseous fuel used. Calo 
of the Mahler bomb type, Fig. 668, are the most accurate and satisf. 
devices for solid and liquid fuels, but are comparatively expensive. 
instruments consist of a steel shell or “‘ bomb” of great strength, 
with porcelain or platinum, into which a weighed sample of the 
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A Insulation 
B Bom 
C Platinum Pan 

D Water 

E Electrode 

F Ignition Wire 

G Stirring Device 

S Support for Stirrer 

T Sensitive Thermometer 
O Oxygen Tank 





Fig. 668. Mahler Bomb Calorimeter. - 


introduced and burned on a platinum pan in the presence of oxygen 
a pressure of about 300 Ib. per sq. in. The charge is ignited by an 
current. During combustion the bomb is submerged in a known W 
of water, which is kept constantly agitated. The calorific value is 
lated from the observed rise in temperature due to the heat @ 
proper corrections being made for the water equivalent of bom 
appurtenances, for the heat given up by the igniting current, 
radiation or absorption of heat from the surrounding air. 

In the “ adiabatic’ design, radiation correction is made unne 
by surrounding the inner water vessel with a water jacket, the 
ture of which is automatically maintained the same as that in 
vessel. In some of the very latest designs, the inner. water 
sulated by a vacuum jacket similar to a thermos bottle. 

The heat value of gaseous fuels is obtained by calorimeters 
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Junker” type, which are essentially small tubular gas heaters in which 
a very small temperature difference is maintained between the inlet and 
outlet water and the flue gas escapes at a temperature which is essentially 
that of the gas and air supply. 

354. Smoke Determination. — Smoke measurements 
quantitative or relative. 

The most satisfactory method, at this writing, of determining the 
quantity of smoke passing through a chimney is that adopted by the 
Chicago Association of Commerce. A continuous sample of chimney 
gas is drawn from the stack by means of a special Pitot tube and exhauster, 
and the solid particles are entrapped in a filter. The tube is so arranged 
that the rate of flow through the apparatus is the same as that in the 
chimney. Since the area of the tube opening bears a fixed ratio to that 
of the chimney, the weight of carbon, cinders, soot, and the like caught 
in the tube filter is a measure of the total weight emitted from the stack, 


may be either 











No. 2, No. 3. No. 4 
Fie. 669. Ringelmann Smoke Chart (Greatly Reduced). 


Quantitative measurements are of considerable value in estimating the 
«mount of energy lost in the production of visible smoke, but are seldom 
attempted in regular practice. 

There are several methods of determining smoke, relatively. The most 
common is that devised by Ringelmann, and is commercially known as 
the Ringelmann Smoke Chart. The chart, as commonly used, consists 
of a cardboard folder 12 by 26 in. over all. Four charts are printed on 
this folder, each chart consisting of 294 squares, 14 squares wide by 21 
squares in length, the width of the lines and spacings varying as follows: 


Distance in the Clear between 
Lines, Mm, 


- 9.0 


No. of Card Thickness of Lines, Mm. 


———— 
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At a distance of 50 ft. from the observer, the lines become invisible ai 
the cards appear to be of different shades of gray, ranging from 
light gray almost to black. The observer places the chart on a ley 
with the eye (at the distance stated, and as nearly as possible in line w 
the chimney) and notes which card most nearly corresponds with # 
color of the smoke. Observations should be made at 15-second inte 
and recorded as in Fig. 670. No smoke is recorded as No. 0, 100 > 
cent as No. 5, and the intermediate colors as indicated by the cards. 





























¥Fiqa. 670. Smoke Record Chart. 


Experienced observers often record in half-chart numbers. Altho 
these observations depend upon the personal element, it is the opinil 
of the Chicago Smoke Department that only a little experience is nee 
sary to effect consistent results with different observers. Observati 
are made on a given stack every 15 seconds throughout the entire ¢ 
and the total ‘‘ smoke units ” are recorded, from which the average sm¢ 
density for the entire period is calculated. 

A “smoke unit ” is the equivalent of No. 1 smoke (Ringelmann s¢ 
emitted for one minute. No. 1 smoke has a density of 20 per cent; 
2, 40; No. 3, 60; No. 4, 80; and No. 5, 100 per cent. Thus, if a 
emits No. 3 smoke for 6 minutes, 18 smoke units are charged again 
If this smoke was emitted during one hour’s observation, then 


3 X 6 X 20/60 = 6 per cent 


is the average density of smoke emitted during the period of observati 

Smoke recorders which project a continuous stream of the chim 
gases against a clock-operated chart, and in this manner automatic 
record the density of the smoke, are on the market but have found 
favor with engineers because of high first cost. 

One of the most successful instruments for showing the density of 
smoke, and one which may be placed so that it is plainly visible to 
fireman, is the Eclipse Smoke Indicator. This device may be 
to a periscope with one end connected to the stack or breeching 


| 
. 
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other placed at a convenient point in the firing aisle. i 

lamp with reflector is placed in the stack or bres pate 
the periscope opening and projects a beam of light across the stack or 
breeching. This beam of light is transmitted through the tube to the 
glass indicating dial in the boiler room. The intensity of the light is 
affected by the amount of visible smoke in the escaping gases and the 
variations are instantly shown on the indicating dial. 
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$55. General Records. —In many states, public utility corpora 
are required to submit an annual statement covering the various dé 
of operation, and, in order to insure uniformity, ruled and printed fo 
are furnished by the state. The private plant owner, on the other f 
is free to use his own judgment and may adopt any system of cost accol 
ing or dispense with it entirely. In all power plants, public or pri 
an itemized record of plant performance and cost of operation is of 
importance for the most economic results. 

The principal objects of keeping a system of records are (1) to en 
the owner to accurately determine the power plant operating cost, 
(2) to enable the operator to analyze the various records with a 
reducing all losses to a minimum. Power-plant records, to be of 
must be closely studied with a view toward improvements. The mé@ 
cumulation of data to be filed away and never again referred to is & 
of time and money. ; ‘ 

Records should cover not only the daily, monthly, and yearly ope 
of the plant but also, as permanent statistics, a complete analysis of 
item of equipment. The value of such data cannot be overestiml 
The engineer will frequently find it greatly to his interest to have ay 
the complete details of the renewable parts of the equipment when 
required to replace a broken or worn-out part in case of emergency, — 

A number of attempts have been made to standardize’ powél 
records but the results have been far from satisfactory because 
wide range in operating conditions. Each installation is a prob 
itself and the items to be recorded must necessarily depend upon th 
and character of the plant. A common mistake is to attempt too { 
prehensive a system, with the result that after the novelty has ¢ 
the labor of making the various entries becomes irksome, many ¢ 
items are omitted, guesses are substituted ‘in place of actual obse 
and the records are ultimately without value. A few properly 
items, accurately recorded, are of vastly more importance than af 
rate system of records indifferently maintained. 

Walter N. Polakov, Trans. A.S.M.E., Vol. 38, 1916, p. 581, 
posed a “ standardization of power-plant operating cost’ by 4 

860 


FINANCE AND ECONOMICS — COST OF POWER 


861 


which the owners of power plants can judge, without the necessity of 
going into technical details themselves, how closely the actual performance 


of the plant is to the possible minimum cost at any 
circumstances, all variable factors beyond operating 
matically adjusted. Mr. Polakov shows the futilit 
judge any one plant by the performance of others 
of equipment or of a different nature of service. 


time o 
control 


r under any 
being auto- 


y of attempting to 
having a different kind 
Even where conditions 


appear identical, such comparisons do not offer a true measure of excel- 
lence. It is not so important to know that one’s plant is better than 
another as to know whether it is as good as it can be. Mr. Polakov shows 


how this can be determined by the use of curves of “ 
the plotting and application of which are ex 


the American Society of Mechanical Engineers. 


Date of installation........ 


‘Type of building.......... 
Number of floors.......... 
Number of offices......... 
Volume of building, cu. ft... 
'lype of heating system... . 
ngine room, sq. ft... ..... 
Height of chimney, ft...... 
Draft, in. of water 


Kind of grate or stoker 


Kind of coal 
Coal storage capacity, tons.. 
Capacity ice plant, tons... . 
Capacity storage battery, 

am, 
‘Total cost of building. .. . 





TABLE 108 


PERMANENT STATISTICS 
Genera In FORMATION 


Ground plan............, 
Rentable floor space, sq. ft.. 
Height of building, ft...... 
No. of sides exposed. ....., 
Radiator surface, sq. ft.. ... 
Glass surface, sq. ft........ 
Boiler room, sq. ft......... 
Number of elevators 


Type of elevators 


Office 
18 


{ Jones 
Underfeed 
Ill. screenings 
450 
50 






Back pressure... . . 

Part of bldg. lighted 

To 
plant 


cost of mechanical 


None 
$5,000,000 





Engines 
ERT Ball ates Cocchase aries 
Tete f 25 
Praha. 250 hp. 150 kw. 


R. J. 8. Pigott, Trans. A.S.M.E., Vol. 38, 1916, p. 687, 


means of graphic analysis, 
tions of power plants and of changing the character of the auxi 
thont, From the study of such an analysis 
for given conditions may be determined with little effort, and 






standard costs,” 
plained in his paper before 


2,700 
50 


1 
Atmospheri 
All 


$650,000 







Boilers 


Generators | Motors 





5 
875 hp. 






shows, by 
the effects of modifying the operating condi- 


liary equip- 
the cost of producing power 


the effects 
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of changes in the conditions or equipment may be predeterminet TABLE 109 
accuracy. wh y PERMANENT STATISTICS 
The National Association of Building Owners and Manage * Borers 
recommended a standard form of statement, outlining the classif Make of boiler.............. Stirling | Weight of boiler.......,, + 62, 186 
of accounts for office buildings, which may be obtained from their. ‘Total number in plant....... 5 | Cost of boiler and fittings 
0 ; : Ill. This association also is Date of installation......... SES (each)... ./...... 7 ie $5,400 
tive Office, Edison Bldg., Chicago, , nai ting thea pcos ie pe gage........ 150 Peight e setting..........05 i ft in, 
‘ " ”” which gives the cost of operating the mech Safety-valve pressure........ 160 ength of setting........... t, din, 
“ Experience Exchange Rs, é g ; ae he United States. ‘Type of safety valve......... Pop | Width of setting............ 15 ft, 8 in, 
equipment of office buildings in various cities of the United Sta Area of grate, sq. ft.......... .... | Weight of setting, Ib......... 272,000 
: at Heating surface, sq. ft........ 3,500 | Thickness of wal 
Power Station Economics: D. D. Higgins, National Engr., Dec., 1920, p. 568 Superheating surface, sq. ft.. . None ‘ Side 20 in.; back, 15 in. 
1921 1 Number of steam drums. bead 3 | No. of bricks, fire........... 6,590 
U; néforin Costs for Power Plant: Alfred Baruch, Power Plant Engrg., June fe of oor bs asp tl 36 ab coc secede me me ve Rae a 19,600 
. 623. CrumssitgactAci ene t i ais > 3 15 ft. 2in. X 17 ft. 4 in. 
c Financial Engineering: O. B. Goldman, John Wiley & Sons. epickness roe] 1 at a i Material of vig eee’ te 
‘Thickness of head, in........ tone and concrete 
Diameter of steam nozzle, in.. . 10 | Cost of foundation and setting 
$56. Permanent Statistics. — Tables 108 to 110 are taken fror Diameter of itty valve, in... 4 ote Rafer si jets ake aecnd Ba 
: . . ; to illust Diameter of blow-off, in... ... 2.5 istance between batteries... 4 ft. 6 in. 
records of a large isolated station 6 buplonge and serve Diameter of feed pipe, in... . . 2 | Distance back of boiler... ... 17 ft. 6 in, 
makeup of the ‘ permanent statistics. The complete file covers ‘Temperature of flue, deg. erence in woe Me boiler. ... i ft. 4 in, 
js , . ' i specification fabr....cp ape iet ces oe ® 450-490 istance overhead.......... t. 10 in. 
item of equipment and includes the ambien drawings, De h ‘Temperature of feed water, Number of tubes............ 337 
guarantees for the entire mechanical equipment. Since t a : deg. fabr.......... mae 210 “pment of tubes, hs3 : 3.25 
; : i o further & Ratio of heating surface to Length of tubes, ft.......... 2 to 14 
do not vary with the CpAEAROD apibe plant, they reaiiae A h grate anes ios. eas do leeake « 41.6 | Steam space, cu. ft.......... 96 
j they are compiled, except of course for such changes Kind of fuel.... Illinois screenings | Water space, cu. ft.......... 643 
tion, once y pued, 
Y 2 to time in the plant itself. Type of grate........ Green chain grate | Kind of draft............... Natural 
be made from time to ti Pp ‘ f Ie Ituted horsepower........... 375 | Inches of draft in breeching 
357. Operating Records. — The operating records of any plan Number in battery........... 1 (maximum). ............. 2.5 
the same relationship to the economical operation of that plant 
bookkeeping and cost accounting systems bear to the manufy TABLE 110 


plant. The distribution of profit and loss in either case can OW 
obtained by itemizing the various factors involved and by grouping 
in such a manner as to show at any time where improvement is pow 


PERMANENT STATISTICS 
Freep Pumps 





3 Date of installation......... Diameter of steam cylinder. . . 16 
Commercial bookkeeping has been more or less standardized and fake ek. deccar cote ts tree — maori of water cylinder... 20 
‘ ALS ; fumber in plant............ troke. 2. 0055.4... 
very little need of originality on the part of the bookkeeper, melght, ft: sites Aes eS . 3 | Displacement per stroke, cu. 
selection and maintenance of a system of power-plant records may jongth, ft TA Nadiy PRG ae fn ef AR Bees 0.545 
: : : : : ; i ore GUN, Ltia qr ene as sls o. of strokes per min., aver- 
considerable study and experimenting, Pine each installation is @ W ight Of UNE sesso 5 - 5 tons CE tke, . gee i * 12 
in itself. The items included in the different forms depend up0 most, OAC eee. ah sie, fos Diameter ¢ ae ee / 
‘ soy : Mienm pressure............. 5 iameter of discharge. ...... 
apparatus provided for weighing and anes the coal and we Mack pressure. ............. + | Diameter of steam pipe...... 2.5 
type and number of instruments available for measuring tempo Number of =a aa ie ag Distooter @f emieon iene. : 4 
: | (haracter of valves. ..Rubber, brass line iameter of steam drips. .... 
pressure, and power, and the system adopted for keeping track Aron thro’ valve seats, sq. in., Diameter of water ply sth 
waste, general supplies, and repairs. In large stations, autog her pump AE REN 12.13 ey | aye bs hy! sq. in... . me 
% : Z . . Callons of water per min., per ischarge head, lb. per sq. in.. 
recording and integrating appliances, which are to be found in DUMD. aveian: Soenralbe © 800 | Kind of piston pecking 
all strictly modern stations and represent but a small part of Pounds of water per 24 hr., mS Nie gratia packed plunger 
H i average, actual,.......... 479,4 Size of piston packing... .. “i oh 
cost of the plant, greatly reduce the labor of keeping continuous petions of water per 24 hr... . 599 | Kind of rod packing,........ Soft 
In many small plants, the cost of autographic instrumenté may p olumo of air chamber, cu, ft, 3 | Size of rod packing......... ; 
be prohibitive and recourse must be had to. the usual indloating Mop numbers. sssssssssse1  24672-8 | Tompornture of feedwater. 
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In the latter case, continuous records may be closely simulated by p 
ting the readings of the indicating appliances, say every fifteen min’ 
or even once every hour, and by connecting the points with a stra ig 
line. The shorter the interval between readings, the smaller will be 
error, but unfortunately the duties of the operating engineer in the sn 
plant are usually such as to make frequent readings impossible. T: 
quantities may be obtained by summing up the various items or by im 
grating the graphical chart by means of a planimeter. It is not 8 
cient to record monthly or yearly averages. Daily and even how 
records are absolutely essential for maximum economy. The vari 
losses may be reduced to a minimum only by an intelligent analysis 
daily records. A number of forms taken from the files of various poi 
plants are reproduced in this chapter under the proper subheadings 
serve to illustrate good practice. 
Operation of Central Power Stations: J. D. Morgan, Power, Oct. 7, 1919, p. 550 
Record Keeping for Isolated Power Plants: National Engr., Mar. 1, 1918, p. 
Operating Charts at West Reading Plant of Metropolitan Edison Power Stati 


Power Plant Engrg., Aug. 1, 1923, p. 757. 
Classification of Accounts and Standard Form of Statement: National Assoc. of Bi 


ing Owners and Managers, Edison Building, Chicago. 


358. Output and Load Factor. — There are so many ways of expre ; 
the “ output ” and so many kinds of “ factors” in the modern operal 
code that much confusion arises from the different interpretations of 
terms. The various national engineering societies have published ¢4 
on definitions and values but there is no generally accepted stand 
Until such a standard has been established, it is well to define all te 
the meaning of which may be subject to misconstruction, when repo 
the performance of a machine, plant, or system. 

In the accompanying tables and charts, the term “ output ” with 
qualification refers to the net energy generated by the machine, p 
or system, that is, the energy actually available at the source of dist 
tion. For an electric power station this is the gross kw-hr. gene 
less the kw-hr. used by the station itself. 

According to the Standardization Rules of the American Institut 
Electrical Engineers, the load factor of a machine, plant, or system is 
ratio of the average power to the maximum power during a given per 
of time. The average power is taken over a certain period of time, 
as a day, a month, or a year, and the maximum power is taken 
average over a short interval of the maximum load within that 
In each case the interval or maximum load, and the period over 
the average is taken should be definitely. specified, such as a “ half 
monthly” load factor. The proper interval and period are ust 
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dependent upon local conditi i 
a 4 conditions and ia the purpose for which the load 


The following tentative definitions have b i 
een pub 
Prime Movers Committee, 1922. — 
Station Load Factor.— The ratio of i 
ctor. gross station output in kw- 
during a given period to the product of the maximum Toad “tliat 
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Fig. 671. Typical Daily Load Curve. Large Central Station. 
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during the period, times the number of hours during that period. In 
each case, the duration of maximum load and the period over witch the 
pas output is measured should be definitely stated 

System Load Factor.—Same as abov abet : 
ant mm be e, except substitute the term 

— Output Factor. — The ratio of the gross station output during 
‘ ave period to the sum of the products of the rated capacity (rated 
Capacity is the maximum kw. load which the generating unit can deliver 
continuously) of each generating unit in the station by the number of 
hours it was in operation during that period. 

‘ high output factor, whether based on gross or net output, and whether 
ipplied to mdividual machines, stations, or systems, is essential to maxi 
mum economy, nae 

In this text the term “load factor” wi i 

r’’ without qualification is th 
of the total gross output to the total iod ia aie 
ee rated output for a period of one year 


The demand factor is the ratio of the maximum demand to the connected 


mf 








866 STEAM POWER PLANT ENGINEERING 


load. There is a general tendency to overestimate the maximum @ 
tric demand, due, in a measure, to the possibility of all the lights ¢ 
motors being in use at one time. Practically speaking, such conditi 
are not likely to occur. Table 113 gives an idea of the value of the 
mand factor for various classes of service and may be used as a gu 
for determining the size of prime movers. 


TABLE 111 


YEARLY LOAD FACTORS (1922) 
Central Stations 











Yearly Output Eat aie Load Fi 
ra (Milliess) | (Thousands) Per Cel 
EES See 
Blackstone Valley.........--...-+++++e0e> 110 i. a 4 
Buffalo Gen. Elec...............:0:e eee eee 587 * re 
Cleveland Elec., Ill........5.......-..20-0 688 al ae 
Cleveland...........-. Bay a oe aa 116 fs 7 
Consolidated Gas, Baltimore.............. 568 : 
Consumers Power............+:+++e0e+eee8 462 ¥> 
Dayton Power & Lt........-.-..6-.5-- 255+ 160 = 
Denver Gas & El............. 00: eee eee eee 103 a 
Duquesne Light Co.........--+.+++5-+ +25 858 
go all era aaa 439 133 
Brooklyn..........:..+ee:eee eee es oe 517 ne 
Commonwealth ep 2225 
Detroit.......... 1105 255 
Metropolitan. . 127 32 
New York..... 1659 497 
Southern Calif. 1199 
I Nee bs see Pees oss oboe eta ees 216 a 
Hartford Elec. Lt... ............06 00 eee eee 134 pe 
Indianapolis Lt..............-. 00s eee eee 138 - 
Kansas City Power............---2+25205% 253 a 
Minneapolis, G.E...........-. 0200 serene 426 cd 
Narragansett El..............-.---+---55- 297 bs 
Nebraska Power...............+5: PEE 140 po 
Niagara Falls Power Co...........--.-.+-5 2252 7 
North Am. (Mis.).............-000+2 eee 554 : 
Pacific Gas & Elec... ........... 26.20 e eee 1609 29 
PaMae OWETUCO, , «pc stales nln he eho helpers 495 o 
Philadelphia Elec...............-..2 0200s 957 
Pub. Service Cos. ai 
Cem AEAD MIE. fo. card. son yl dota s adds oe ole 128 ss 
DTA RENC Ne’. 5 fic lve one 9s 5 oa 90. 8 Abele corel 958 . nd 
Northern [ll 362 
OE Ee ee ae 317 80 
Rochester Gas & El 193 53 
Weat Penn... 0)... 00.) eee. APRA 635 137 
Wonton Gas ee Plecs. is. os oo gen a donne ede 366 sr 
Wrpited Wisi ois so: % pistapsienias oe oisigiesd snes 129 é 


ee Soe 
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to the simultaneous maximum demand of all these same loads during the 

same period. If all the loads in a group impose their maximum demands 

at the same time, then, the diversity factor of that group will be unity. 
Expressed algebraically 
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sum of individual maximum demands 


Divettaty Section a maximum demand of entire group | 


(287) 


The diversity factor has a very significant bearing on reducing the cost of 
power; namely, diversity of demand. 
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Fie. 672. Typical Daily Load Curve. Tall Office Building, Ontangs, 


Few central stations are favored with a constant load. The peak of 
the industrial load occurs during the daytime, that of the railway load 
for a period in the morning and again in the evening, that of the lighting 
load for the early evening, etc. Since the maximum demands of the 
various customers of the different classes do not occur at the same time, 
(he machinery used to supply one class of service at one period may be 
sed to supply other kinds of loads at another, whereas, if the peaks 
occurred simultaneously the plant would require capacity enough to 
supply the sum of all the maximum demands of the different customers. 
‘The combined maximum demand imposed on the average central station 
in usually less than half the sum of all the maximum demands of the 


- various customers; therefore, the investment involved in providing the 


service is approximately half of what it would be if the demands occurred 
simultaneously, 
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Solution. — Using the values in Table 112 we have 


TABLE 112 
Max. demand on 


DIVERSITY FACTORS AMONG THE DIFFERENT ELEMENTS OF A CENTRAL-STATION 


DISTRIBUTING SYSTEM Transformer = 42 + 3.36 = 12.5 kw. 
(H. B. Gear) Feeder = 12.5 + 1.30 = 9.61 kw. 
Sub-station = 9.61 + 1.15 = 8.36 kw. 

Diversity Factors Generator = 8.36+1.1 =76 kw. 


Elements of Distributing System H hows } 
ence, allowing 25 per cent loss between customer's meter and generator, 


7.6 + 0.75 = 10.0 + kw. generator capacity must be available 
: L C Nf at th 
station to furnish the customers with their maximum demand of current. r 


Residence Commercial General 
Lighting Lighting Power 



















































‘Capacity in efficient units, 25 oh 7 
ii aes ed dla a ain 
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Among consumers............ 3.36 1.46 1.44 Fy 
Among transformers.......... 1.30 1.30 1.35 vt 
Among feeders................ 1.15 1.15 1.15 1. 
Among sub-stations........... 1.10 1.10 1.10 di 
Consumer to transformer ..... 3.36 1.46 1.44 - 
Consumer to feeder........... 4.35 1.91 1.95 1. 
Consumer to sub-station...... 5.00 2.19 2.24 1.3 
Consumer to generator....... 5.53 2.41 2.45 1, 
2 
240 
TABLE 113 cw 
CENTRAL STATIONS, DEMAND FACTORS | 
Demand factors compiled by Commonwealth Edison Company of Chicago é 160 
F | 


Demand 





— 




















Lighting customers: | Composite Load Curve | 
































illboards, monuments, and department stores............ 85.6 Ooameavestie Batons 
Senneterre foreign ht nl rn n tp ernie oe yin ar a 72.4 Year 1922 - 
Residences and barns...............0 00. e cece eececceeecs 60.0 
OT PL OTOH oe vie oid gt fie Bold a WS «s nyesnieid ds diac Sow hhh Rau 66.3 ; : ; 
WhOLCBAIG LOPES... ek cc es cen se ceeceswidccsccveech 70.1 aa nt tt Bian a 7 8 9 
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Fic. 673. Composite Load Curve. Commonwealth Edison Co, 


RE sek sl, or cus to phe qustk dp Toda at Raw ae 65.1 a . 

Public imps, Lomaigg ahd ‘hotels ..'. SS ents te 28.7 The term power factor applies to alternating-current generation only 

eet a ee 01.2 Irate etapa 88 the ratio of the true power or kw. measured by a watt- 

Wholesale stores and shops. ..........0.0.0. cc cecececeuees 58.2 moter to the apparent power or kilovolt-amperes (kva.). The actual 
ry Output in kw., therefore, is equal to the kilovolt-amperes multiplied by 


P 
<@ 
i) 
"3 
2 
aR 
Ss 
S 
= 


the power factor (F), Thus, the ihp. of an engine required for an alter- 
hwting-current engine-generator set may be expressed 


The values given in Table 112 are fairly typical and may be w ‘ 
ihp. = 1.34 kva. X F + B (288) 


estimating purposes where specific data are not available, 
in which 


4 = mechanical efficiency of the entire unit. 
Other notations as interpreted above, 


Example 91.— Estimate the maximum demand on the varie 
ments of the generating and distributing system if a group of p 
customers are all connected to one transformer, amuucttag that 
mum peak demand of the group is 42 kw. 
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The power factor varies with the nature of the electrical load, 
varies from 0.95 for a plant in which the load is largely due to the ¥ 
synchronous motors or rotary converters to 0.70 where a large p u 
the station load is due to the use of induction motors, electric f 
or arc lighting. In the average large central station generating cur 
for lighting and power, the power factor is approximately 0.80. 


The higher the load factor, the greater is the amount of power produced 
and the longer does the apparatus work at best efficiency. But the 
greater the power produced, the larger will be the fuel Sotinim ption and 
the oil and supply requirements. The labor charges will be practically 
constant. The total operating cost per year increases as the load factor 


Operating Code Definitions: N.E.L.A. Report of Prime Movers Committee, T3,. 
p. 337. 

A.S.M.E Code on Definitions and Values: Mech. Engrg., Sept., 1923, p. 548, 

Load Factor; Its Definition and Use: The Canadian Engr., Jan. 20, 1921, p. 

Effect of Load Factor on Steam-station Costs: Power, Jan. 4, 1921, p. 24, 

Diversity and Diversity Factors: Terrell Croft, Power, Feb. 6, 1917, p. 171. 


Power Factor Problems in Industrial Plants: Power Plant Engrg., Nov. 1, 
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YY | i e 
ks = ae NOOO ming? Yeatly Load Factor—Per Cent 
bee et . Nae 1a. 675. Influence of Load Factor on Cost of Power at Switchboard 
S208 lads | | | INS (Maximum Load 5000 Kw.). 
ae ty | | | oe me: 
3.8 oe te 8 - increases, but not directly. (See Fig. 675.) The cost per kw-hr., how- 


over, decreases as the load factor increases. For example, the operating 


Hosts per year with plant operating conti 
pe, Pp g inuously at full load are $230,200. 


Fia. 674. Typical Daily Load Curve. Large Apartment Building, 


In any system the total fixed charges per year are constant irresp 
of the load factor, since interest, taxes, depreciation, insurance, and 
tenance go on whether the plant is in operation or not. The total 
charges for a specific case are illustrated in Fig. 675 by a straigh 
The fixed charges per kw-hr., however, decrease as the load fae 
creases. Considering the values in Fig. 675, with the plant op 
continuously for 8760 hr. at rated load (100 per cent load factor) the 
charges per kw-hr. are 


65,000/(5000 X 8760) = $0.00148, 
With 30 per cent load factor these charges are 
65,000/0.3(5000 8760) = $0,00495 kw-hr. 


230,200/(5000 X 8760) = $0.00525 per kw-hr. 


With 30 per cent load factor the total 
§87,980, which gives 


87,980/0.3(5000 < 8760) = $0.0067 per kw-hr. 


In general, the higher the load factor, the greater becomes the ratio of 
the operating to the fixed charges, and extra investment ma bee 
tulvisable to secure the greatest possible economy. af 

On the other hand, when the load factor is low the fixed cha are 
the governing factor in the cost of power, and extra expendistiaatiians 
ho carefully considered, particularly if fuel is cheap, 


yearly operating charges are 
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The total fixed charges are frequently as great if ue —— 
actual operating costs, and must necessarily be included in a 
cost. a 
me cal See. General. — The actual cost of prod ng 
depends upon the geographical location of the plan’ a 
labor, the size of apparatus, the design, conditions of loa ~ 
of distribution and the method of accounting. Conte | 
the cost per hp-hr. or per hp-yr., or the equivalent are witho 


because of the many variables entering into the problem. It is im 


to intelligently compare costs or to obtain a true undesae 
costs for power really mean without a thorough ote? e * ) - 
items entering into the unit cost such as costs of fue , oil, “— s 
labor, insurance, taxes, management, distribution, em , 
allowance for depreciation. In addition to these an ie < ‘ 
be had of the operating conditions, such as size of plant, ‘ 

variation in load, ratio of the maximum. load to the on d- 
number of hours a day the plant. is operated and bey ike. aa 
plant having an individuality distinctly its own, in so far as a 
which go to make up the ultimate cost 1s concerned, it is pra 


possible to arrive at any definite conclusion as to the manner in Wit 


real cost of power may be correctly determined for purposes of ce 
son. Perhaps the best method of stating station economy . to 
average yearly heat units supplied by the fuel per kw-hr. delive 


switchboard, and the load factor. This eliminates price and 


of fuel and offers a fairly satisfactory criterion of the efficiency of op 


In any case the cost of power is based upon the expense whith 


ich is a fundl 
tput, or fixed charges, and that which is @ { 
‘pee pega “ In the small plant the items i 


the output, or operating costs. - 
in the fixed and operating costs are comparatively few in num 


require but an elementary knowledge of a ee but, re 7 
trial organizations or central stations the number of separa ne: 
considered may run into the hundreds and necessitate a er | 
of accounting. Some idea of the different systems employe wi 

of cost of power in specific cases may be gained from an Insp 


Tables 124 to 134. 


360. Fixed Charges. — These cover all expenses which do not 


+ with the output. In the privately owned plant 
Sede adt hata limited to interest on the seheabupen venta : 
tion, taxes, insurance and sometimes maintenance, t ia 
ordinarily included in the operating costs. The pees) one y 
public electric light and power companies are usu vy Ae <a 
Public Utility Commission of the state in which the p 


a ee een i * - 2 ‘ - 
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the various charges must necessarily conform with the rules formulated 
by this Commission. 

361. Interest. — The rates of interest on borrowed money vary with 
the nature of the security. In the case of small power plants, the form 
of security is usually a first mortgage bond on the plant and equipment, 
In the larger plants, the money or credit may be obtained through the 
sale of stocks, collateral notes, debenture bonds, and other classes of 
securities. If a builder has sufficient funds to construct the plant with- 
out borrowing, he should charge against the item “ interest” the income 
which the sum involved would bring if placed out at interest or if con- 
servatively invested in his own business. In estimating the interest 


TABLE 114 


COST OF MECHANICAL EQUIPMENT — STEAM TURBO-ELECTRIC GENERATING STATIONS 
60,000 kw. Capacity 
(1923) 




























Dollars per Kw, 





High Low 


Preparing site — Dismantling and removing structures from 
site, making construction roads, tracks, etc................ 
Yard Work — Intake and discharge flumes for condensing 
water, railway siding, grading, fencing sidewalks........... 
Woundations — Including foundations for building, stacks, and 
machinery, together with excavation, piling, waterproofing, 
U0... iss Rane ee RNS Rete cee RACE OM, Ly ier. ak ene 
Huilding — Including frame, walls, floors, roofs, windows 
und doors, coal bunker, etc., but exclusive of foundations, 
heating, plumbing, and lighting........................... 
NHoiler-room Equipment — Including boilers, stokers, flues, 
stacks, feed pumps, feedwater heater, economizers, me- 
chanical draft, and all piping and pipe covering for entire 
station except condenser water piping..................... 
Turbine-room Equipment — Including steam turbines and 
generators, condensers with condenser auxiliaries and water 
piping, Ouimeavatenn 666.43... oc. cee cee ace coe seth sie 
Wlectrical Switching Equipment — Including exciters of all 
kinds, masonry switch structure with all switchboards, 
switches, instruments, etc., and all wiring except for build- 


$0.50 SH: 
8.00 6.00 


10.00 8.00 


15.00 12.00 


35.00 28.00 


Bng Ligiimie meer oN Sex ic theas cs h Sidecar. table ssn secs’ came 12.00 
Morvice Equipment — Such as cranes, lighting, heating, 

plumbing, fire protection, compressed air, furniture, per- 

manent tools, coal- and ash-handling machinery, etc....... 10.00 
Miurting Up — Labor, fuel, and supplies for getting plant ready 

to onrem Mselil BORA u's... idle vunice. wid cic ak’ 1.00 
Heneral harges — Such as engineering, purchasing, super- 

Vision, clerical work, construction plant and supplies, 

watchmen, cleaning up............ccsesasecevsunevvvevescn 6,00 


Total cost of plant to owner, except land and interest during 
eonstruetion 





ee ee ee ee en ee ee er ern 






























874. STEAM POWER PLANT ENGINEERING 


charges, 6 per cent of the capital invested is ordinarily assumed 
specific figures are available. Initial costs for various types of 
are to be found in the accompanying tables, but so much depends 
the grade of equipment, market price of materials, cost of labe 
plant location that these figures are only of academic value. 


Cost of Money to Utilities: Elec. Wld., Sept. 15, 19238, p. 538. 
Power Plant Accounts — Interest: Power, Oct. 25, 1921, p. 636. 





TABLE 115 


APPROXIMATE AVERAGE COST OF MODERN STEAM TURBO-ELECTRIC P 
(CONDENSING) 
(1923) 


Size of Plant — Kw. 
Units and Auxiliaries Installed and Erected 








500 1000 2500 5000 
Bldg. real estate, excavating..... $60.00 | $55.00 | $46.00 | $40.00 
Turbo-generators............+.+: 40.00 35.00 30.00 25.00 
Condensing equipment........... 25.00 20.00 15.00 10.00 
Boilers, stokers, stacks........... 55.00 50.00 45.00 42.00 
Bunkers and conveyors.......... 10.00 10.00 8.50 8.00 
Boiler feed and service pumps, 

5, Spl ae ene 5.00 4.00 3.00 2.00 
Switchboard and wiring.......... 9.00 8.00 7.00 7.00 
RR ed ee eee 4.00 3.00 2.50 2.00 
Me Bait. Bee sot bith page? 9.00 10.00 11.00 12.00 

uperintending, engrg., contin- 

’ ~ Poi ie 17.00 | 18.00 








gencies, etc........ 0.0.0. eee ee 


(GOES SR RR Netee te see 00 


Each plant is provided with a spare boiler and such extra apparatus as is 66 

with good practice. Boiler pressure 175 lb. gage. Superheat 125 deg. fi 
Average figures of this nature are apt to be misleading when applied to I 
ticular case, because of the wide variation in the individual characterisation 
plant. They are intended merely as a rough guide to the variation in cost 


362. Maintenance. — Maintenance usually refers to the exp 
keeping the plant in running order over and above the cost of atte 
although the term is frequently used in place of “ repairs.” It if 
cost of upkeep, replacement, and precautionary measures. The 
includes the renewal of working parts, painting of perishable or x 
material, and replacing worn-out and defective material. Many 
neers make no allowance for maintenance in the fixed charges and 1 
these costs under supplies, attendance, or repairs. In a gen 
when maintenance is included under the fixed charges, an ann 
of 2 per cent is considered a liberal allowance, since most of th 
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work comes under attendance. In central station practice, maintenance 
is divided among the several parts of the system as follows: Buildings 
steam appliances, electrical equipment, and miscellaneous, In this cone 
nection the maintenance becomes a part of the operating charges, since 
the various items vary widely from month to month. 

363. Taxes and Insurance. — Taxes vary from a fraction of one per 
cent to 3 per cent, depending upon the location of the plant. An average 
figure is 2 per cent of the actual value of the investment. Buildings 
and machinery are ordinarily insured for fire loss, and boilers, compressor 
tanks, and pressure vessels against accidental explosions. Accident 
policies are sometimes carried on all operating machinery. A fair charge 
for this item is one-half per cent. 
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TABLE 116 
COST OF MECHANICAL EQUIPMENT* 
F.O.B. Factory 
(1924) 
Borer Room 
Cost per boiler horsepower 


Bir preheatets):. 214.) 44 4... Shoe CRM yates onl $ 5.00-$10.00 
Ash gates, power dumps, hoppers, and gates............ 4.00- 5.00 
lowers: 
Multivane, motor-drive, automatic regulation. ...... 2.00- 3.00 
Undergrate turbo blower... ............c0. cee eeee 0.75- 1.00 
VaNOs ube dake aan salts Po ata eae Tia isa 1.00- 1.50 
oilers: 
Straight tube, 250 Ib. pressure and under........... 20.00- 30.00 
Curved tube, 250 Ib. pressure and under.’........... 18.00- 20.00 
Straight tube, 250 lb. pressure and over............. 30.00— 75.00 
Horizontal return tubular.................00..000% 12.00- 18.00 
lire box, locomotive type and vertical tubular... .... 30.00— 40.00 
Siller ing Ds sce en eye 0.20- 0.30 
Noiler settings: . 
Horizontal return tubular......................005 
Water tube, low head room...................00-. me ef wep 
Water tube, high head room...................... 10.00— 15.00 
Ohimneys: 
Concieianie aim, .aP 446212. Sasstdp lof 4 oe: 
Ratlihi iM erdtidediasls. sot scpteiiibiic cue’ 6c, os “a 
Self-sustaining steel............................, 3.00- 9.00 
‘Uhimney insulation, asbestos...............ccseccceeee 2.50- 4.50 
OONOMIMO eee ne COPE TTT: oi, Cteee ee UR a 14.00- 25.00 
Veod pumps: 
Contrifiign aie. uM... ah RR ke ; , 
Rachpaditiiniias tidahdi ds és .-4AMimidbibast els tcaor-o.tn 


* Courtesy of Himelblau and Agasim, Chicago, 


come oe eet ee te ee cee Sse Se —— chee = — 
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Feedwater heaters: from expansion of markets, community growth and the like. Obsoles- 
Closed. ..... +0: RY ere er ee ‘@ : cence, inadequacy, and destruction cannot be predicted and charges 
Open... SEP ss receipt tre thee ete 02 aa against this class of depreciation are naturally conjectural. 

Toodweter oa me. Vibe Aad eke pigghell The term “depreciation ” is frequently used when the term “ amorti- 

ait al — zation” would be more appropriate. Amortization refers to the retirement 

* Hand, with hopper feed... ...........00. ce ee eens 4.25- 9.25 of invested capital, while depreciation is loss of value. 
Hand, without hopper feed. .........-.-..-.-.45-5 _8.00- 5.00 
—RIRIRRCRES er: Shee Peer a ot 8.00- 10.00 TABLE 117 
V-type, natural draft, engine, auto., etc............. 10.00— 16.00 
Traveling grate, natural draft, engine, shafting, etc...  20.00— 25.00 APPROXIMATE COST OF RADIAL BRICK STACKS 
Traveling grate, forced draft, engine, shafting, etc.... 40.00— 50.00 (1998) 
Underfeed, single retort complete.................- 9.00- 13.00 S-SSSSUESH G-OUEP=EE Ennai irre: te 
Underfeed, multiple retort, engine drive, shafts, etc... 12.50- 18.50 roa 
Underfeed multiple retort, complete with rotary power 
dump eA,» 6b GRR eae aia SA Nag’ Bod ch pln tubes A ces elk SB 17.00- 23.00 $ 7,250.00 
Superheaters: vane .00 
‘ 0 : 
Our ved=tube DOUGre <5. Ss ss qepieea UE gow s+ oes 4.00- 7.00 oon 2 
Horizontal-return tubular boilers................-. 4.00- 9.00 
Straight-tube boilers... . 2.0.6.6 .6 0.0 e eee ene eee 3.50- 12.00 200.00 
13,200.00 
EnaInE Room 15,000 .00 

Turbines, AIRED, is as V5 Fk > oe: eke e acatb a eee te a, 56 a vie fee pleat Pe pe tyes hed 

Turbo-alternators. 00.2.0... ete eee eee e rece erecs 2 . 217000.00 

Engines: 23,000.00 
Corliss, simple... 06... 2 eee eect e eee teen eens sae yr Red es ot | 
Corliss, comp < REESE SES Baw kee 16.00- 40.00 Costs of common brick chimneys, 3/4 lined, are approx. 1.3 times the tabular 
Corliss, non-releasing. ...........- 0+ eee eee eens 2 . ie) ues. 

Poppet valve... ......--+.ssees- “ Gh aaa 3 pk Reinforced concrete chimneys up to 125 ft. in height by 5 ft. in diameter cost about 

Uniflow.. SE re adie ie eal 200.00 500.00 the same as radial brick; 150 ft. in height by 7 ft. in diameter about 12 per cent less; 
Condensers, eget val 1000 eras Poattig er 2 60- 4. 50 #00 ft. by 10 ft. about 20 per cent less and 250 ft. by 10 ft. about 25 per cent less. 
Condensers, surface, cost per sq. ft... ......-. 2.6. eee eee ; - 


Costs of full-lined self-supporting steel stacks about 1.1 to 1.2 times the tabular 


ee Values. 
364. Depreciation. — Depreciation may be defined as a 


value occasioned by wear or age, change of conditions rendering 
inadequate for its particular functions, or change in the art re 
obsolete as compared with recent installations. Depreciation 
conveniently classified as: 

Natural depreciation, or the gradual decrease in value o¢ 
wear and age. This may be largely offset by maintenance, 

Functional depreciation due to obsolescence, inadequacy or 
by any cause. A thing is obsolete when it has been rendered 
as the result of change in the art, and this may occur where no 
deterioration has taken place. A thing is inadequate when it is 
of fully performing the function for which it is intended. 
indicates neither physical depreciation nor obsolescence; it 






‘There are several methods of dealing with depreciation; among the 
tore common may be mentioned: 

(1) Charging to earnings in good years and crediting to amortization 
feverve such amounts as the profits from operation permit. . 

(2) Charging to earnings the amortization as it matures and necessi- 
(utes renewals. 

(3) Charging to earnings and crediting to amortization reserve an- 
iiuully a certain percentage of the cost determined by the average weighted 
life of the property. 


In cential-station practice, it is customary to establish a reserve fund 
to allow for depreciation, based on the original cost of the property less 
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salvage or junk value, spread over a period of years approximat 
If depreciation is considered to include the 
tenance which is charged to expense directly, it would be proper 
aside as a reserve a fixed percentage of the decreasing value of the 
to represent the unmatured decadence. - This ideal situation 
equalize the total burden over the life by making the depreciation 
ance largest when the repairs are smallest, and conversely the depre 
tion allowance smallest when the repairs are largest at the end of 
If the system were composed of many 
units not requiring renewal at or near the same time, no special 
would be necessary, as all replacements could be charged dire 
operating expenses because these amounts would be inconsiderabl 
In the large central station, however, a consid 
portion of the plant is composed of large units which the rapid de 
ment of the art and growth of business may render obsolete long 
their natural life has expired. As a result of and to provide for 
condition, depreciation reserves are accumulated either by the “s 


useful life of the plant. 


useful life of the plant. 


any one year. 


line ’”’ or ‘‘ sinking-fund ”’ method. 


TABLE 118 


Functionau Lire or Various Portions or Steam Power Puiant Eq 


Years 
UG RS a 8-15 
Boilers, fire tube............... 20-35 
Boilers, water tube............. 25-40 
Buildings, masonry............. 25-60 
Buildings, wooden or sheet iron.. 15-30 
Chimneys, masonry. ........... 30-60 
Chimney, self-sustaining steel.... 25-50 
Chimneys, sheet iron, guyed..... 8-15 
Coal conveyors, belt............ 8-20 
Coal conveyors, bucket......... 10-25 
Condensers, jet................ 25-50 
Condensers, surface............ 20-40 
Economizers, cast-iron.......... 20-30 
Economizers, steel............. 10-20 
Engines, high-speed. ........... 20-40 
Engines, low-speed............. 25-50 


Norr. — So much depends upon the design and the conditions of opera 
average values for actual physical life are without purpose. 
power-plant appliances become obsolete or inadequate long before the limit 
physical life is reached. ‘The values above are purely arbitrary but serve to 
range in functional life assumed by various companies in establishing 


annuities. 
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Generators, 8.¢.......05.. 00 
Generators, d.c..........eee00s ‘ 


Motors...) 2... 0 oe see . 
Piping, exposed.............6, é 
Piping, protected............45 ’ 
Pumps.;. ..5i. 205.5400 i ‘ 


Stokers, chain-grate............ ‘ 
Stokers, underfeed............5 ' 
Storage batteries. ...........6 ‘ 
Transformers... oS. 6.5. eee F 
Turbines, steam.......... 005 ot 
Wiring}. yi aciad. ihe eee 
Composite plant..........60005 ’ 


Practice shows 
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TABLE 119 
DEPRECIATION ANNUITY 
(Per Cent of First Cost) 


rt, 


Rate of Interest, Per Cent 






























2 /49.50/49.37/49.27]/49. 14/49.02/48 .90/48.78/48 .66/48 .54/48.31148.07/47 84 
3 /82.67/32.51|32.35/32. 19|32.03)31 . 88/31 .72/31 .56)31 .41/31 10130 8030.51 Sat 
4 |24.26]24 08/23 .90|23 72/23. 55|23 3828. 20/23 .03122 86/22 52/22 19121861 21.55 
5 {19.21/19 .02/18.83]18 .65]18. 46|18. 28/18. 10/17.91|17 .74|17 39117 04116 71] 16 38 
4 | 6 |15.85]15.65/15.46/15 .26|15.08|14.89/14.70|14.52)14.34|13 98113 6313 29] 12.96 
8 | 7 [13.45/13 25/13 05/12. 85]12.66|12. 47/12. 28]12.09|11.91\11.15/11.20/10 871 10.54 
E | 8 |11.65]11 44/11 24111 .05]10.85/10. 66/10. 47/10. 28|10.10| 9.75 9.401 906] 8.74 
&.| 9 |10.25/10.04| 9.84) 9.64] 9.45] 9.26] 9.07] 8.88] 8.70] 8.35] 8.00] 7.681 7.36 
< | 10 | 9.13] 8.92) 8.72] 8.52] 8.33] 8.14] 7.95] 7.76] 7.59| 7.23] 6.901 6.581 6.27 
ss | 11 | 8.22} 8.01) 7.81] 7.61] 7.41] 7.22] 7.04] 6.86] 6.68] 6.33] 6.00] 5.691 5.40 
o | 12 | 7.45) 7.25] 7.04] 6.85] 6.65] 6.46] 6.28] 6.10] 5.93] 5.60] 5.27] 4.971 4.68 
* | 13 | 6.81} 6.60] 6.40) 6.20] 6.01] 5.83] 5.64) 5.47/ 5.20] 4.96] 4.65] 4.36] 4.08 
14 | 6.26] 6.05] 5.85] 5.65] 5.47| 5.28] 5.10] 4.93] 4.76] 4.43] 4.13] 3.84] 3.58 
B | 15 | 5.78) 5.57] 5.38] 5.18] 4.99] 4.81] 4.63] 4.46] 4.29] 3.98] 3.68] 3.401 3.15 . 
§ | 16 | 5.36) 5.16) 4.96] 4.77] 4.58] 4.40] 4.22] 4.06] 3.89] 3.58| 3.301 3.03| 2°78 
b | 17 | 5.00] 4.79] 4.59] 4.40) 4.29] 4.04] 3.87] 3.70] 3.54] 3.24] 2961 2°711 2/47 
"gy | 18 | 4.67] 4.46) 4.27] 4.08] 3.90] 3.72] 3.55] 3.39] 3.23] 2.94] 2.67] 2.491 2°19 
| 19 | 4.38) 4.17) 3.98) 3.79] 3.61] 3.44) 3.27/ 3.11] 2.96] 2:67] 2.41] 2:17] 1.95 
8 | 20 | 4.11] 3.91] 3.72) 3.53] 3.36] 3.19] 3.02| 2.87| 2.72] 2.44] 2/18] 1.951 1.75 
% | 25 | 3.12) 2.92] 2.74) 2.56] 2.40] 2.24] 2.09] 1.95] 1.82 1.58] 1.371 1.18] 1/02 
* | 30 | 2.46] 2.27] 2.10] 1.94] 1.78] 1.64] 1.50] 1.38] 1.26] 1.06] 0.881 0.731 0.61 
35 | 2.00] 1.82] 1.65] 1.50] 1.36 1.23] 1.10] 1.00| 0.90] 0.721 0.58] 0.461 0.37 
40 | 1.65] 1.48] 1.33] 1.18] 1.05] 0.93] 0.83] 0.73| 0.64] 0.50] 0.38] 0.291 0.92 
45 | 1.39] 1.23] 1.08] 0.94] 0.83] 0.72] 0.62] 0.54] 0.47] 0.35| 0.261 0-191 0.14 
50 | 1.18] 1.03] 0.89] 0.76] 0.65] 0.56] 0.48] 0.40] 0.34] 0.25] 0-171 0.121 0.09 
RE ined deo a FER EER ee MR Mo 


Straight-line Method. — This method is based on. the assumption that 
if the total investment, less salvage, is divided by the functional or as- 
sumed life of the plant, the resulting quotient expresses the amortization 
installment or the amount which should be allowed each year to cover 
the accrued amortization. This is the simplest of the several methods 
that have been suggested for calculating depreciation annuities with 
Which to establish depreciation funds, and for short-lived plants it offers 
i fairly satisfactory means of estimating the depreciated value. The 
straight-line method is shown graphically in Fig. 676. The original cost 
ix composed of the net cost of labor and material plus the overhead (the 
extra charge intended to cover engineering and architectural fees, fire 
wnd liability insurance, and interest on the investment during construc- 
tion; contractors’ profits on the portion of the work not done by the com- 
puny itself; legal organization and incidental expense). The functional 
life of the plant is a purely arbitrary quantity and is supposed to repre- 
wont the weighted average period of usefulness of the various units com- 


i 
¥ 
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posing the plant. The actual physical life of the various units co 1 
ing the plant can only be approximated, since everything —<—— ‘ 
grade of material, workmanship, and upkeep. Most power-plan 


TABLE 120 
TYPICAL OPERATING CHART 


DAILY POWER-HOUSE REPORT 


Tue Unirep Liaut anp Power Co. 


PE LEP NT een Division 
eee eee ee eee eee eee eee | eeeeee 
‘ Woathor — Noon 
Hr. 
Total time run.......|. 
.M stopped............. M 
Engine No. 1 storied... 5.025...) z 
ins No. 2 started............. M stopped............. M nal be pr 
Pee ones we M Giles eee tp tincn vee 2 Total time on... 
Se Bae M ODA. Peis <5. AL M Total time on........ « 
MOOG ATON.OR TE Ah. 5 ia siec anes 35% 
AMPERE READINGS 
Noon ; 


45] 6 00| 6 18} 
9 cd ae a ba su bys laa ica a eg eka: 5 
Beene | sdk 9 00] 9 15] 9 30 » Spe con ae 


2 00 | 3 00) ce edo Mec tat 6 30 a: a i 7 30| 7 45] 8 00] 9 O0|10 6 


{ 
i ilers in Service, 
cn ko? (GRRE ABRASRR soon Ib. Coal Received on Track. Ld Bet sae ee 
Cylinder oil............s0eeees Ps PO" | a een ee Be a 
‘ani MME Rs eat C7 hice ogee 02 Whe ul WGithal f, .5:::. brain deus yes wee he aes Pi rae a «a 
0 OSS A SR a Ib. | Time placed............00.5..05 m eee 
WUMRME Siento sas siicce cece: cu. ft. | Time released..............06 at Marth 
Es oliig 6 as aie ose oe bn g's + 5 owes Weight. i.5.5 50% Semmavetsey cess ‘dates ik 
Globes....... outer...... inner py | A st, | EES loads to...... 
ilowatt Ow 
Material Received for Power House USe..........seeeeeeeeeeeneeeeserenes Total Kilowa' 


Read meter 12 o'clock 


Meter to-day. ....ssess 


PA Th yy Oo fs 0 Meter yesterday, ....., 

Pere eis oe it ines Bee a nee 
Report here ANY interruption of service either are or incandescent. a 
TUAW OM iiss chee cect csc cereeaebes CODNG. - nccccctsbineierscnescssensestsbhevenent a 
URES... cocks aa oi tll 
Lighte....cssscvecevcseeveceeeens 2 i " 

- we 


preciation annuities, it is 
property is the amount already accumulated in a sinking fund that was 
begun when the property 
Which are such that at compound interest the amount at the end of the 
functional life of the property will equal the first cost, 
factors entering into the problem as shown in Fig. 677 are 
following ejuations, 
ntorest, 
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ances become obsolete or inadequate long before the limit of their physical 
life is reached. If the actual physical life could be accurately determined 


pairs and upkeep were uniform, the straight- 
accurate for calculating the depreciated value; 
but since this ig seldom, if ever, the case, this method should be used only 





Fia. 676. Showing Straight-line Method of Amortization, 


for determining depreciation annuities. The various values on the dia- 
gram in Fig. 676 may be expressed algebraically, thus 


D=(C —S8)/n 


(289) 
Mast CRS (290) 
A=C-V (291) 


in which 


D = amortization installment or depreciation annuity, 
C = first or original cost, 

S = salvage value, 

A = accrued depreciation annuity, 

V = the depreciated or present value, 

n = age of the plant, 

n = functional life. 


~ 


Sinking-fund Method. — According to this method of calculating de- 
assumed that the accrued depreciation of the 


was first put into service, and the annuities of 


The various 
based on the 


which may be found in text books on compound 
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is ascertained by determining its probable additional years of usefulness 


The value of 1 placed at compound interest (rate = r) at the 
and the probable cost of replacing it at the end of this term. 


n years is 


(1+r)*. 


The amount of an annuity of 1 in n years is TABLE 121 
a a TYPICAL OPERATING CHART 
: (dl Se ae 1 BAL: (Large Chicago Department Store) 
The present value of an annuity of 1 for 7 years is ——— Url ee 
n ee ee 
[itr —1+r(lt+r).. 
Fuel Supplies 





The annuity which 1 will purchase for n years is 
[rl + 7)"] + [1 +7)" — I). 
The annuity which would amount to 1 in n years is 
re(ltr*-l. 
Applying these fundamental equations to the values in Fig. 6 
have 






Average 


Outside Coal 





Ash Oil Used, Gal. 





Date 


D=(C —S)r+[A+7)" — I. 


fi § \ ’ Output Engine-Hr. Run. Boilers-Hr, Run Breeching 
r i _ 
V=s+(c-s[1- GEOR Bias g-,. 
(1 aa r)" —% Boilers Generators 
A=C-— VV. 
P t : Water 1/2]/3/4]/5]1}/2/3/4]5]6] Drate | Tempera 
All notations as in equations (289) to (291). i. of eek Ainp-| Kw. ture 


Per Lb. Hr. Hr. 


The sinking-fund method is applicable to calculation of the de 
of Coal 


value of a property only where natural depreciation is involved and 
current repairs are uniform or absent. : 
In establishing a sinking fund, it is not supposed that an owner 


Vvaporated 


ae eee aes Se nee here J Ee NES he ek obi RR YS 
. 
EE EEE LL 


regularly lay aside an annual amount, or take the trouble to a Ventilating 
its investment at current rates in the market or savings bank, Moating System Pipes. tr Refrigerating Plant Repairs-Hr. 
money is probably worth more to him in his business. In practi 

retained in his business or investments and is earning the rate of a s 
obtainable therein; but in determining the net profit or loss this di sal Btoan- oe Pe 3, Ui Mace Paine Baile Mie o 


tion item is nevertheless accounted for just as if it were actually p 
outside investments. 
The expectancy or remaining life of any article is the probable 
during which it may reasonably be expected to render efficient 
It is determined from the actual condition of the article and all 
circumstances which may affect its continued use, and not by 
ting age from probable life. Thus an article may have a probable 
twenty-five years and yet be in first-class condition and as good | 
when it reaches the end of this term. ‘The value of this article is 
ten off the books nor should it be considered as good as new, I 


1) the original copy all of these items are conveniently grouped on one large form ruled for 31-day entries 
With apace at bottom for total quantities and costs. In the reproduction only the headings are included. 


‘The replacement may mean the substitution of a new plant exactly 
similar to the old one, but at a cost dependent on new conditions, new 
prices of labor and material, or it may mean the substitution of new 

vices rendering equivalent service. In either event the replacement 

iy be at a greater or less cost than the original cost, with, therefore, a 

rresponding increase or decrease of capital invested, Expenditures for 
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new parts of a plant, which take the place of old parts retired fot 
cause, should be charged to replacement only to the extent of caj 
represented by the part of the plant thus retired. Any excess of 
expenditure for replacement over the cost of the discarded part 
plant should be treated as an addition to, and any less cost as a ded 
from, the invested capital. The term “ replacement ” should not be | 
in the sense of retirement of invested capital, which refers to the. co 
the replaced part and not to the cost of the new equivalent insta 
(“ Valuation, Depreciation, and the Rate-Base,” Grunsky, John 
& Sons, 1917.) : 

The term going value may be properly taken to mean a value ai 
to a public utility property as the result of its having an establi 
revenue-producing business. Going value may be determined from 





Fic. 677. Showing Sinking-fund Method of Amortization. 


consideration of the amounts of money actually expended in the 00 
producing the business or it may be determined from consideration of 
present cost of reproducing the present revenue. (“ Value for F 
Making,” Floy, 1917.) 
For purpose of design and comparison, it is customary to ass 
single fixed percentage for depreciation, obsolescence, inadequacy, 
An average figure is 5 per cent. ; 
Unit-cost Depreciation. — The unit-cost depreciation formulas, 
developed by H. P. Gillette,! are rational and applicable to all prob 
involving depreciation, although the data for accurate application f 
not always be available. 
Let CG andc = first cost of the new and the old property, respecti\ 
F and f = functional depreciation annuity rates for the new 
old plants, respectively, 
r = interest rate including risks, taxes and 
not included in 7’, f, # and e. 


1“ Mechanical and Electrical Cost Data,” 1918, p. 90-108, 





















and 
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& = interest rate plus functional depreciation = r + f or 
r-+F, 
S and s = salvage value of the new and of the old property, 
respectively, 


E = equated annual operating expense (including taxes) 
during the entire life of the new plant inclusive of 
cost of repairs and natural depreciation, but ex- 
clusive of functional depreciation, 

e = same as # for the old property during its remaining 
life, 

K and k = total equated or true annual cost during the entire 
life of the new property and the remaining life of 
the old property, respectively, 

v = depreciated value of the old property, 

U and u = unit cost of production of the new and of the old 
property, respectively, 

Y and y = annual output in units of the new and of the old 
property, respectively, 


= K/Y = (Cr+ #+(C —S)F\/7 (296) 
k/y =[r+e+(v—s)fl/y. (297) 
If the annual unit cost of production of the new property is the same 
as that of the old ; 
U=u 
[Cr+ E+ (C —S)F\/Y = br +e+ (v — s)fl/y. (298) 


If the right-hand member of the equation is less than the left-hand 
member, it is cheaper to retain the old unit; if it is greater, then it is time 
(o sell or scrap the old and buy the new. 

or ordinary use, equation (298) may be reduced to a simpler form. 
Thus, if U = u, Y = y and F = f, which is frequently the case, equation 
(208) may be reduced to the form 


(9 =C+[(E-e) +f(S—s]+ (rtf. 


l‘urthermore, F is generally equal to f or nearly so, in which case equation 
(208) may be expressed 


Then. 


Uu 


(299) 


E-e e—H 
Pde Golinasli ns (300) 


When functional depreciation is non-existent, f = 0 and equation (299) 


becomes 
v=C—(¢— £)/r, 


veC+ 


(301) 
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TABLE 124 
ELECTRIC OPERATING EXPENSES — YEAR 1922 


(Including Amortization and Depreciation) 
Commonwealth Edison Company 







Total vets | of Total 
of Dollars Expense 
OO 
Steam Power Generation 
Superintendence...........-.-e eee eet eeee eres 80.88 0. 
RR iran rari rar araa 600.44 2 
Engine Labor...........--..-s00eeee essen ees 242.82 He 
ce 211.13 oe 
DEMNMMBNSOUS Labor...........-0-eeeeeereenes 102.53 ; 
SI os 2 tree cree ee re 12,175.13 “7 
MPTTOS. StCAN. . op ood wre rece tah ae cieltte 4.44 0 
TI ie! aah i th Gal Se eae eae 32.67 3 
Power Plant Supplies and Expenses............ 115.56 0.407 
Maintenance of Steam Power Buildings and 
SERV UTORS, ...-cteh MSs he es PEAS 123.61 0.485 
i of Boilers and Boiler Plant Equip- 
orig op ep again eapeincne a 442.86 | 1.560 
Maintenance of Steam Power Plant Piping. .... 31.49 0.111 
Maintenance of Steam Power Electric Gener- 
ating Equipment...........-......005 Pek tes 3 207 .62 0.731 
Maintenance of Steam Power Plant Switch- 
board and Wiring...............-:es neers 40.70 0.148 
Maintenance of Miscellaneous Steam Power 
Plant Equipment..............:.seeeeee eee 53.50 
Total Steam Power Generation............. 14,465 .38 


Electric Energy Purchased, Exchanged or Transferred 


Electric Energy Purchased..........-.-.-+++-- 1,022.40 

Total Electric Energy Purchased, etc....... 1,022.40 
Transmission : ‘ 

Operation of Transmission Lines...........-.. = — 


Maintenance of Transmission Lines............ 
194.31 


Storage Battery i a 


Storage Battery Labor.............----+.++ ++: 
Storage Battery Supplies.............-..---+-- 
Miscellaneous Storage Battery Expenses....... 
Maintenance of Storage Battery Buildings..... 
Maintenance of Batteries..........-.+.++++ ++ 
Maintenance of Accessories........-.-...6-+05> 


Total Storage Battery...........-.--+2-55- 
Distribution 
Distribution Superintendence..........-.-..-- 
(Substation Wages. ............. 0 cece eee eee eee 
Substation Supplies and Expenses............. 
Operation of Distribution Lines............... 
aps and Records...........-..eees sence tees 
Inspecting and Testing Meters.............-.- 
Inspecting and Changing Transformers. ....... 
Removing and Resetting Meters..............- 
Miscellaneous Distribution Ppernting Labor.. R 
Miscellaneous Distribution Supplies and Ex- 
DOTAMMED a fier. -n «s,s paced Sr i che bolgl RIER Nvie » 
Maintenance of Substation Buildings..........: 
Maintenance of Substation Equipment......... 
Maintenance of Overhead Distribution Pole 


ve a SAPS OMe Sma Fick Seater 
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TABLE 124 — Concluded 





Maintenance of Overhead Distribution Con- 
GUGEOTS oo. seca: Gis ss 5 
Maintenance of Underground Distribution 
(Olt i ree ec 
Maintenance of Underground Distribution 
Conductors... . 2.5 -:..Snee e 


Total Distribution:..: .. Seng. eee 
Utilization 

Municipal Street Incandescent Lamps......... 
Commercial Are Lamps — Labor.............. 
Commercial Are Lamps — Supplies and Ex- 
PODER, 5.0.0. .b...Gh Naren lett ie a 
Commercial Incandescent Lamps.............. 
Inspecting and Adjusting Customers’ Instal- 
lationgicw.. 22. Te cca teae eee aah eee 
Leased Appliances Expense...................5 
Miscellaneous Utilization Expense............. 
Maintenance of Commercial Incandescent 
Lamps and Equipment...................... 
Maintenance of Leased Appliances and Fixtures 


TotaljUtlisation. 3. .caeteitaree ns te ce. 
Commercial 
Superigvengence’, 2500024 ete nad acu iaseees 
Meter Reading — Salaries and Expense........ 
Collecting — Salaries and Expense............ 
Consumers’ Accounts — Salaries.............. 
Contract Department — Salaries.............. 
Office Supplies and Miscellaneous Expense... .. 
TObadGOMIONCIAL thos 2's Sie. or signees vc teaah 
New Business 
Superinpaanence. eal cae vet eh nck wae aise he 





—_ _ ad a ee 














Total Expense, 
Thousands 
of Dollars 





25.32 


17.33 


77.01 
25.35 
100.61 
47 .92 


2435.84 
33.98 
2.23 
1109.87 
226 84 
52.73 
106.51 


40.21 
82.05 


1654.42 


46.39 
272.10 
237.71 
914.55 

9.27 
122.75 





Per Cont 
of Total 
Expense 


0.089 
0.060 


0.271 
0.089 
0.357 
0.167 


0.120 


0.008 
3.910 


0.795 
0.185 
0.375 


0.141 
0.288 


5.822 


0.163 
0.956 
0.837 
3.218 
0.036 
0.430 



























1602.77 
35.21 





Office Satemres). 2574), PO SEM) 154, 8k: 126.93 
Soliciting ti oer ees bio eek OR eee 107 .24 
Miscellaneous Supplies and Expenses.......... 52.79 
Adveriisigie. 2 soi Ree Sh. Hee ns A ta 429 .60 
Wiring and Appliances...................0.... 27.10 

Total New Business..:..........0.... 0000, 778.87 

General and Miscellaneous 
Salaries and Expenses of General Officers...... 253 .48 
Salaries and Expenses of General. Office Clerks. 748 .57 
General Office Supplies and Expenses......... 241.51 
Stationery and Printing....................... 34.41 
General Office Rents.................0.00.00005 551.90 
Maintenance of General Buildings............. 105.11 
General Law Expense......................... 189 .82 
Injuries and Damages..................00.000% 87.18 
I nBUYeOR Sinn tar are, o..+ s.n's aus fae ocd 161.17 
Relief Department Pensions and Welfare Work 195 .56 
Miscellaneous General Expense............... 310.89 
Depren ate ois desl led aiid § iiss 0s ieaexinny case 8139.04 
Amortization of Intangible Capital............ 147 ,28 
' Tze on mee agers uta hs ; 
rand Total Electric Operating Expensos,.......| 28,418.05 
an Kw.ehr, Generated and echessd: nsatia .|2,225,442,875 





5.640 





889 


Coat 
iw or, 
Mills 





0.011 
0.008 


0.035 
0.011 
0.045 
0.021 


8.565 | 1.090 


0.015 


0.001 
0.498 


0.105 
0.024 
0.048 


0.018 
0.037 


0.746 


0.021 
0.122 
0.107 
0.411 
0.004 
0.055 


0.720 


0.016 
0.057 
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If it is time to replace the old equipment with the new, it has reac 
the end of its economical life and its depreciated value is equal to 
salvage value and v = s. If the new and old units have the same out; 
Y=y. Assuming Y = y andv =s, equation (298) reduces to the fo 


Cr+H+(C —S)F =rs+e. ( 
This relationship is shown graphically in Fig. 678. 


‘Time to Replace 
Old Unit 


Operating Expense including | 
cS Functional 
Physical Depreciation Annuity Depreciation (¢— 3s)F 
Annuity 5 


j 
‘ U 
i 





Age of Unit in Years 


Fic. 678. Unit-cost Depreciation Method Showing Time of Replacement on — 


Account of Obsolescence or Inadequacy. 


If the annual operating expenses, O, other than depreciation, are 
same for the new as for the old property, we have 
E= D(C —S8)+0 
e=dv—s)+0 
in which D = depreciation annuity for the total life of the old pro 
d = depreciation annuity for the remaining life of the 
property. 


Substituting these values for H and e in equation (302) and redu 
we have 


»=S+(D+n (C—S)+ (+n ( 


which gives identically the same results as the ordinary sinking-f 


formula, equation (294). 


E and e, equated annual operating expenses, are calculated as folloy 


Take the total cost of labor, repairs, supplies and other items for 
first year the property is in operation and find what this would am. 
to at compound interest for the years remaining in the estimated life 
the plant. Similarly, the operating expense for each succeeding 
is compounded for the respective remaining years. Add these v: 
sums together and multiply by the annual deposit in a sinking fund w 
if started at the beginning of the assumed life, will equal 1 at the 

tion of the assumed economic life. The resulting product is the eq 


annual operating expense. 
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Example 92.— An engine, purchase price $6000.00, is four years old 
and the yearly cost of operation, including supplies, taxes, insurance, 
labor and repairs (but not including functional depreciation) for these 
years is as follows: first year $3000.00, second year $3250.00, third year 
$3750.00, fourth year $4500.00. If the interest rate is 6 per cent, required 
the equated annual operating costs. 


Solution. — $3000.00 @ 6 per cent compounded annually for 3 yr. = 


3000 X (1.06)% = $3573.05 
$3250.00 @ 6 per cent for 2 yr. = ; 

3250 X (1.06)? = 3651.70 
$3750.00 @ 6 per cent for 1 yr. = 

3750 XK 1.06 = 3975.00 
$4500.00, no interest 4500.00 


Total Cost $15,699.75 


$3590.21 annually placed at compound interest at 6 per cent for 4 yr. 
would amount to $15,699.75; thus, from equation (292d), 


15,699.75 X 0.06 + (1.06* — 1) = $3590.21. 


This is the equated annual operating cost. 


Example 93. — Suppose a new type of engine is on the market, suitable 
for the service performed by the one mentioned in Example 92, but more 
economical in operation. The new engine costs $10,000, and its estimated 
functional life and salvage values are fifteen years and $1000, respectively. 
Assuming that the salvage value of the old engine is $400 and that the 
estimated equated annual operating cost of the new units is $2600 per 
year, willit pay to junk the old one? Assume interest rate on the sinking 
fund deposits to be 6 per cent. 


TABLE. 125 


TYPICAL WEEKLY POWER-PLANT REPORT 
The Detroit Edison Company 
Connors Creek Plant 
For Week Ending September 1st, 1923 





Lb. of coal per kw-hr. delivered... 2.0.2... . cc ce eee ceeee cece Gigits 1.504 
B.t.u, per iewet, Gelvered vn ss ks. eR Se. ee Oh 20,048.0 
Overall thermal efficiency, per cent... ..........cccecccsccccevecs 17.03 
Plant water rate — lb. per kw-hr. delivered. ............ccceceeees 13.45 
Combined boiler furnace and grate efficiency, per cent.......... eas 76.0 
Condensing water inlet temperature, deg. fahr.............seeeee0s 68.0 
Output 

Net delivered, kw-hr. a se MWRD ATS « 12,446,600.0 

Average output per day, kw-hr. seen erne eee eeeeeee eestor tos 1,778,086, 0 

Ratio net delivered to total generated, por cont, . 6.66. ce cere es 97,21 
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Coal 
Coal consumed, Ibi.........0. eee c ccc e eect eee eee eeneeees 18,725,100 
Average coal consumed per day, tons..............0.0.2 eee ee 1,38 

Mommmomture, per cent... 6 ..... 05.0. ese e eve des 

Ash (dry coal), per cent... 2.0.0... cc cece eee eee 

Heating value (as fired), Btu... 2... eee eee 18,330, 

Meeeting value (dry)............cenccecseccecsces 13,885. 
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Analysis 


Refuse analysis 
Average carbon in refuse, per cent............... 0... eee eee 













Solution. — Here C = 10,000, r = 0.06, E = 2600, S = 1000, 
400, e = 3590.21 (from example 92). 


From equation (292d), F = 0.06 + (1.06 — 1) = 0.0429. 
Substituting these values in equation (302) and solving 


10,000 < 0.06 + 2600 + (10,000 — 1000) 0.0429 < 0.06 x 400 + 38 
3586.1 < 3614.21 


Since 3586.1 is less than 3614.21, it would pay to make the change, 


Example 94.— A steam turbine unit, initial cost $25,000, has | 
in operation for ten years and its equated annual operating cost for 
period is $10,000. The depreciation annuity for this equipment is b 
on an assumed functional life of fifteen years with interest at 6 per ¢ 
A new and more economical unit of the same capacity as the old one 
be purchased completely installed for $40,000. The estimated 
annual operating expense of the new unit is $8000. If the old unit 
be sold for $1000 net, what is its depreciated value? Assume a func 
life of 20 years for the new unit and a salvage value of $1500. 


TABLE 126 


OUTPUT AND COST DATA 
California Edison Company 


(Year 1922) 

Transmitted from hydro-electric plants, kw-hr.................055 1,058,708,776 
Transmitted from steam plants.............0..0 ccc eee eee eens 72,718,380 
Electric energy purchased from other sources............+++.+e005 67,504,236 

Total transmitted and purchased. -..............0eeeeeees 1,198,926,300 
Electric energy used i in other departments........ 23,184,447 
Transpaissaon tones 23.6 ois. ss 08a arn Melega eels 187,077,651 
Substation Joss. i cekcs sd owl preset o> 717,378 
TRGCCURTON, 555 +s srs.0 60.3 ¥cs, Apis Ripon 86,072,802 

its) |) i OP AAnrr ner TMT 2070 

Total sold, light and power... 66. scceecee renee ees Fad od hari 901,87 
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Operating revenue: 
Sale of electricity. ............ cece cece eee $15,758,686 . 60 
Renée meters... ..:. .. cea. os. 345.75 
JOM GlSOtTIC »,.).. - ac: EE ahs oo ss 3,900.00 
Merchandise and jobbing................... 24,661.64 
Rent of appliances..............ceeeeeeeeee 9,160.03 
eh eS i ol a $15,796,754 .02 
Water dept.) :.!000... So ee es 42,823.44 
Total electric and water. ..3.....s.cscssesdeccsccceccccen $15,839,577 .46 
Operating expense: 
Production and transmission................ $2,379,845 .80 
Distributions...) ... ols.46 cof ae 1,251,301. 26 
Conimercial..:......:/. .). :-.issa 5 Shae sale ee 816,308 .38 
General offite:.:......<...5.5.. sens Lente aan 629,195.24 
TERPBG sii Sion os ents Se gene 1,725,489 .39 
Uneolleatible bills. 20.02) Siosmaugee ee cocks 19,940.00 
Depreciation .2..5 50% 2.0... 5. GR see 1,850,190. 17 
Water dept? «....5... p20 eas Bean cree 44,835.60 
Total electric and water... ..........cceccccevcccessceees 8,717,105.84 
Net operating reveniie.|.-/ Pan aeees os Convene pee eee 7,122,471 .62 
Net non-operating revenue. .............ccccccuecceuuceeueeeeee 1,142,648, 29 
Teal net revenue tis fi). oc. ea fs Mn Melee te oan Bede $8,265,119. 91 
Total investment: : . 3. 1. na soa eee canoe $96,691,000. 00 
Cost of operation per kw-hr. transmitted and pur- 
CHARGE, GENES. 226%. nin sicnprneaeGh spike ale se 0 ERE taro cE 0.722 
Cost of operation per kw-hr. sold, cents... ..........0ceeeeeeecees 0.960 
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Fra. 679. “Daily Load Curve, Showing Influence of Variable Generator 
Load on Steam Koonomy, 


———— * _— 
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TABLE 127 
POWER COST WORCESTER (MASS.) ELECTRIC LIGHT CO. 
(1922) 
Equipment: Boilers: 6 Stirling, 2 Edge Moor, 6 Bigelow-Hornsby. 
Turbine Units: 2 20,000-kva., 2 7800-kva. : 
Stokers: Underfeed for bituminous, Forced-draft chain grate 


anthracite. 
Fuel: 66,956 tons of bituminous at $7.52 and 13,613 tons of anthracite at 


per ton. 
Output: 78,256,100 kw.-hr. Maximum load 32,600 kw., yearly load factor 0. 


PRODUCTION EXPENSE 











Superintendence Total Per Kw.-hr., Cents Per Cent of Total 
Labor: $17,058 0.0233 2.13 
Boiler................ $35,599” 0.0486 4.44 
PUMPING... es ne 18,905 0.0258 2.37 
Electrical............ 6,824 0.00933 0.86 
Miscellaneous......... 7,109 0.0097 0.88 
Total labor............. 68,437 0.09343 8.55 
Supplies: 
Boiler UI ras vo 2's $580,583 0.793 72.40 
Water for steam...... 322 0.00044 0.04 
Lubricants........... 3,653 0.00499 0.47 
Station..............% 29,770 0.0406 3.75 
Total supplies.......... 614,328 0.83903 76.66 
Maintenance: 
Station structures..... $21,237 0.0290 2.65 
Boiler plant equip..... 31,059 0.0424 3.79 
Turbine units......... + 21,217 0.02895 2.65 
Generator equip....... 8,755 0.01185 1.09 
Accessory elec. equip. 1,475 0.002015 0.02 
Miscellaneous equip. 19,717 0.0269 2.46 
Total maintenance...... 103,460 0.14115 12.66 . 
Grand Total............ $803,283 1.097 100.00 


Solution. — Here C = 40,000, r = 0.06, HZ = 8000, S = 1500, 8 
1000. ne 
F = 0,06 + (1.06” — 1) = 0.02718 
f = 0.06 + (1.06% — 1) = 0.04296. 
Substituting these values in equation (298), noting that Y = y, 
have 
40,000 X 0.06 + 8000 + (10,000 — 1500) 0.02718 = 
oi 0.06 » + 10,000 + (v ~ 1000) 0.04296, 
from which v = $6546.13, the present or depreciated value of the 
unit. 


According to the straight-line law, equation (290) the present 
is $9333.33, and according to the sinking-fund law, equation (294), 
$11,700.00, The depreciated value of any used device, or its true 
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to a purchaser, according to the unit-cost depreciation law, is dependent 
solely upon its equated annual operation costs when compared with those 
of a more economical device which can do the same work, and not upon 
its first cost or age. 

Power Plant Accounts: W. A. Miller, Power, Nov. 1, 1921, p. 680; Dee, 18, 1921, 
p. 934. 


Improvements and Replacements: Power Plant Engrg., Jan. 1, 1920, p. 63. 
Fundamentals of Public Utility Rates: National Engr., April, 1924, p. 151. 


365. Operating Costs. — General Division. — The distribution of the 
operating costs depends largely upon the size and nature of the plant. 
In the small isolated station the term “ operating costs” without qualifi- 
cation refers to the generating or station operating costs, exclusive of 
fixed charges. These costs are commonly divided as follows: 

1. Labor and attendance. 

2. Fuel and water. 

3. Oil, waste, and sundry supplies. 

4. Repairs and maintenance. 


In some of the larger isolated stations, a more extensive division is 
often made but there appears to be no accepted standard. 

In large central stations, the operating costs are divided under the 
major headings of 

1. Production expenses. 

2. Transmission expenses. 

3. Electric storage expenses. 

4. Utilization expenses. 

5. Commercial expenses. 

6. New business expenses. 

7. General and miscellaneous expenses. 


The extent of the subdivisions under each subheading depend upon 
the size and nature of the plant. See Table 124. 

A number of large central stations limit the major headings to 

1. Generation. 

2. Administration. 

3. Distribution. 


Some companies include all or part of the fixed charges under the 
major heading; others limit the operating costs to expense, which is 
dependent only on the output. Because of this diversity in bookkeep- 
ing, comparisons of the cost of power based on the annual reports are \ 
without purpose. A few annual reports illustrating the different systems 
of accounting are reproduced in the accompanying tables, 
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366. Labor, Attendance, Wages. — The minimum number of mei 
required to handle a given plant is approximately a fixed quantity am 
it is seldom possible to so arrange the work that any material reductio 
can be effected. Until very recently it has been the universal custor 
to pay wages on a “ flat rate” basis; that is, the attendant is given 
fixed sum per day or month irrespective of the amount of work requi 
or the economy of operation. In some cases, however, the bonus syster 
has been successfully adopted. For example, in the hand-fired boiler 
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Fia. 680. Monthly Load Curve of Combined Heat and Power Plant, 
Armour Institute of Technology. 


the coal consumption is determined for a given period of time with ordin 
careful firing, and the fireman is offered a reasonable percentage on t 
saving of coal which he is able to effect over this record by special cay 
and attention to the keeping of fires always in the best condition, avoil 
ing the blowing off of steam, using as little coal as needed for banki 
fires, and in other ways. Where careful records are kept of suppli 
repairs, and renewals, the bonus is also applicable to electricians, oi 
and other employees. 

Labor should always be estimated or recorded as so many do 
per month or per year and not merely in terms of the output unless { 
load factor is definitely known; otherwise comparisons are misleadif 
For example, consider two plants of 500 kw. capacity, each with lab 
charges, say, of $400 per month. Suppose the output of one is 100,( 
kw-hr. per month and that of the other 40,000 kw-hr. per month. 
monthly charges are evidently the same, viz., $400, but the cost per ky 
differs widely, being 0.4 cent in the first case and 1 cent in the latter, 

The cost of labor varies so much with the location of the plant and 
conditions of operation that general figures are of little value except 
rough guide. Specific figures will be found in the accompanying tak 

For a summary of labor costs in large central stations see “Central-Station 
Costs,” Electrical World, Nov. 16, 1912, p, 1081, ' 
















- Maximum demand in kw. (30-minute)|] 82,000 
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TABLE 128 


COMPARISON OF PRODUCTION EXPENSES PER KILOWATT-HOUR OF OUTPUT FOR CONNORS 
CREEK POWER HOUSE OF DETROIT EDISON COMPANY 





'Twelve-Month Periods Ending 





1919 1920 1921 1922 







































































Dec. June June | Dec. June Dec. 
31 30 30 31 30 31 
Cents | Cents | Cents | Cents | Cents | Cents | Cents 
Operation: 
Superintendence.................-. 0.010 | 0.010 | 0.010] 0.012 | 0.015 | 0.014 | 0.013 0.012 
Wagers’ 52 ras sobs ote. db ene 0.062 0.060 | 0.062 | 0.076 | 0.079 | 0.069 | 0.065 0.058 
FUOiYSy obs octhsiies o0'tes 543 deows ost 0.394 | 0.407 | 0.471 0, 682 0.532 | 0.488 | 0.448 
Water inn vhscviten cic cctuweccccclee cvs cf todsene M! oo eea vl) 600s SMT PER raid ie sess | osenes 
LubbSi@amte 5. Ne us..0s dss dees ston 0.002 0.002 0.001 0.002 | 0,002 | 0.001 0.001 
Station supplies and expense........ 0.010 | 0.007 | 0.011 0.010 | 0.010 | 0.010 | 0.007 
Total Sa berts egos <tareste score et 0.478 | 0.486 | 0.555 0.788 | 0.627 | 0,527 0.526 
Maintenance: 
Station buildings................... 0.008 | 0.011 | 0.010 0.012 | 0.011 | 0.012} 0.011 
Steam equipment.................. 0.024 | 0.029 0.036 0.043 | 0.045 | 0,041 0.087 
Electrical equipment............... 0.001 | 0.001 | 0.001 0.003 | 0.002 | 0.002 | 0,004 
Totaly S00. titania 4+ steer 0.033 0.041 0.047 0.058 0.058 | 0.055 0.051 
Total production exp..............5- 0.511 | 0.527 | 0.602 0.846 | 0.685 | 0.582 | 0.577 
Output (millions of kw. hr.).......... 383.25 | 445.54 | 488.06] 479.43 | 485.19] 527.12] 555.90} 613.26 


104,000 | 104,000 |. 100,000 | 107,500 | 118,000 | 120,000 | 144,500 


Average load (kw.).......-...-..-+00+ 43,700 | 50,800 | 55,600] 54,600] 55,300] 60,200] 63,500 | 70,000 | 
Load factors. Viki celcss do e%s stds ute 0.533 | 0.488 | 0.534) 0.546 | 0.515 | 0.510 | 0.529 | 0.485 
Coal per kw. hr. (Ib.).......-...-0065 1.67 1.73 1.83 1.92 1.78 1.62 1.55 1.57 

BB .0.U., DOr MW AR pae dcop ie mols sia oie nino 21,200 | 21,800 | 22,800] 23,300] 21,800] 20,250] 19,700] 19,660 





367. Cost of Fuel. — Tables 124 to 131 give specific examples of the 
cost of fuel in different sizes and types of steam power plants. It will be 
noted that this item varies considerably even with plants of the same 
weneral class. So much depends upon the grade and market price of the 


fuel, type and size of plant, and conditions of operation that no single 


item can afford a means of comparing fuel costs in different plants. Such 
items as “Ib. coal per kw-hr.,” ‘ cost of fuel per kw-hr.,” or the equiva- 
lent have their value in any accounting system, but fail utterly as a measure 
of the economy of operation unless accompanied by a statement of the 
qualifying conditions. For example, an inefficiently operated plant using 
« high-grade fuel may show a lower fuel consumption, lb. per kw-hr., 
than an economical plant using a low-grade fuel, and an uneconomical 
plant using a very cheap fuel may show a lower “ cost of fuel per kw-hr,”’ 
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than an efficiently operated plant using costly fuel. Similarly, two plant 
of the same size and type, and using the same fuel, may show considerab 
difference in both “ Ib. of fuel per kw-hr.” and “ cost of fuel per kw-hr.” 
because of difference in load factor, even though both plants are effi 
ciently operated for the given conditions. In a number of recent installs 
tions, the station operating records include the heat supplied by the fue 
per kw-hr. generated (‘‘ B.t.u. per kw-hr.”) and the cost of the fuel on 


TABLE 129 


FUEL CONSUMPTION AND COSTS 
Massachusetts Central Stations 
(Year Ending 1922) 








— . 2 w = = = 

: s a as => 

§ vi] 2) | 2 | 2 | oe | Se 

3 as i 3 i) 2 cI od 2 6° 2 58 

a EF ae a 2 3 é ae é 88 
Cambridge.......... 4.40 25.681 38,484 | .... 41.32 8.744 
Edison, Boston...... 48.59 | 203.00? | 419,816 | 0.295) 358.66 6.945 
Edison, Brockton....| 5.70 | 23.15 43,197 | 0.267] 41.62 7.600 
Fall River........... 5.20] 17.81 39,717 | 0.318) 193.788 | 1.3514 
Haverhill............ 3.20 | 16.37 14,879 | 0.180} 16.53 7.705 
Lowell.............. 4.88 28.40 40,698 | 0.205]. 36.77 7.721 
iC Os er 4.78 | 20.12 22,042 | 0.169} 22.53 6.720 
alden.............. 1.20 | 34.00 1,082 | 0.455) 2.21 9.104 
Malden.............. MeO UK atithagelest eas .... | 297.928 1.6504 
New Bedford........ 15.60 | 90.00 | 119,257 | 0.189] 130.95 6.288 
BGIOIN. kh chs saa cas: 4.50 | 28.12 65,741 | 0.334) 55.44 6.573 
Worcester........... 12.55 | 55.60 73,256 | 0.188] 66.95 7.752 
Worcester........... SD as NPR Aye ae Se an 13.616 4.520 


? 6500 hp. engines in addition. * Kw. Boilers not installed for last 30,000 kw. t i 
5 Oil, thousands of bbls. 4 Per bbl. of oil. 
5 Lb. oil per kw.-hr. 6 Screenings. 


heat basis (cents per 10,000 B.t.u. or B.t.u. for 1 cent). These two it 
in connection with the load factor offer a satisfactory criterion of the f 
‘economy for plants of the same general design. Large central stati 
with individual units of 20,000 to 60,000 kw. rated capacity and a 
load factor of 50 per cent or more, have been credited with a yearly 
formance of 18,000 B.t.u. per kw-hr. generated, corresponding to an ovet 
thermal efficiency of approximately 19 per cent. With 11,000 
screenings, this is equivalent to approximately 1.6 lb. coal per kweli, 
with 13,000 B.t.u. coal, about 1.4 Ib. coal per kw-hr., Better 
than this have been obtained for brief periods of operation, but 
averaged over a considerable period of time, the standby losses, #u 
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coal burned in banking fires, heat lost in blowing down boilers, lower 
efficiency in operating at underloads and overloads, and the like, reduce 
the overall efficiency to substantially that given above. The coal con- 
sumption per kw-hr. for a number of medium-sized central stations in 
Massachusetts for the year 1922 is given in Table 129. 

In estimating the cost of fuel for a proposed installation the logical 
procedure is as follows: 


1. Construct load curves for the probable power requirements. 

2. Calculate the total weight of steam supplied from the load curve. 

3. Transfer the total steam requirements to the unit water-rate basis. 

4. Reduce the average unit water rate to “ B.t.u. supplied by the steam 
per unit output.” 

5. Divide the average B.t.u. supplied by the steam per unit output 
by the estimated overall boiler efficiency, considering all standby loss. 
This gives the B.t.u. supplied by the fuel per unit output. 

6. Reduce the cost of fuel to “cost per 10,000 B.t.u.,” or “ B.t.u. 
per 1 cent.”’ 

7. Multiply item 5 by item 6 and divide by 10,000, if the 10,000 B.t.u. 
basis is used, and divide item 5 by item 6 if the “ B.t.u. per cent ” basis is 
used. This gives the average cost of fuel per unit output for the required 
period. 


The construction of the load curves is the most important item, since 
the cost of the fuel per unit output is primarily a function of the load 
factor. 

The total weight of steam is calculated from the load curve by con- 
sidering the unit water rate of the prime mover and steam-driven auxiliaries 
at the variable loads, and the time element. 

The heat supplied by the steam is measured above the temperature 
of the feedwater. In plants where exhaust is used for heating or manu- 
facturing purposes, only the difference between the heat supplied to the 
prime movers and steam-driven auxiliaries and that of the exhaust utilized 
for heating is charged to power. 

Current practice gives an average efficiency (based on yearly operation) 
of boiler and furnace of 75-80 per cent for large lighting and power stations 
with yearly load factor of 0.45 or more, and 65-75 per cent for similar 
stations with load factor between 0.35 and 0.40. For very low load 
factors, 0.25 and under (as in connection with large manufacturing plants, 
tall office buildings, and other plants operating on a twelve-hour basis), 
this overall efficiency seldom exceeds 60 per cent. With these figures 
us a guide, the cost of fuel per unit output may be roughly approxi- 
mated, 


Sw 
od . a 















TABLE 130 
COST OF LABOR, SUPPLIES AND MAINTENANCE 


Massachusetts Central Stations 


- Year Ending 1922 
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| ane RSZSSRSSS 3 RS :S88S8 3 | 368. Oil, Waste, and Supplies. — These items approximate from a 
BOS soteamemels 1S iSSSclH SC fraction to 5 per cent of the total operating expenses. Tables 124, 127, 












128 and 130 give some idea of current practice in different classes of 
IAI SIN 09 O } 9H 18S 25/88 power plants. 

: : } 369. Repairs and Maintenance. — This item ordinarily refers to the 
cost of keeping the plant in running order over and above the cost of 
LAASS labor or attendance, and depends upon the age and condition of the 

SSCS SoSdcoSS > > plant and the efficiency of the employees. ‘Tables 124 to 183 give the 

cost of repairs and maintenance for a wide range in power-plant practice 
for the years 1920-23. 
ISASONSSS 5 SSoosccoln om 370. Cost of Power. — The actual cost of producing power depends 
. upon the geographical location of the plant, the size of apparatus, the 
design, conditions of loading, system of distribution, and the method of 
accounting. Tables 124 to 133 compiled from various sources give the 
detailed costs of a large number of central and isolated stations. 


. 1921 Experience Exchange: National Assoc. of Building Owners and Managers, 
PES ASO 2 CxS ; P~eN SC? a Edison Bldg., Chicago. 


Salem [Worcester 





Cost in Mills per Kilowatt-hour 
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$71. Elements of Power-plant Design. — The real problem which con- 
fronts the designing engineer is not so much the selection and arrangement 
of apparatus for a given set of conditions as it is to foresee the conditions 
under which the plant is likely to operate. For this reason, the plans 
for the station should be examined and approved by the owners and 
expert service employed at the outset. It is not sufficient to have a 
mechanically perfect plant, though of course proper installation is of 
prime importance. The choice of fuel, selection of type of prime mover, 
nize of units, provision for future expansion, method of establishing the 
station heat balance, and similar factors have considerable weight in the 
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economy of operation. Each proposed installation is likely to be a pro 
lem in itself, and though similar plants may be used as patterns, each ¢¢ 
should be worked out on its own merits. 

In the case of an electric generating station, the first item to be con 
sidered is the kind of current, voltage, and distributing system best suite 
for the particular service to be rendered. In the older office building 
stores, hotels, and small industrial plants having their own isolated pla 
the direct-current, low-voltage (125-250), three-wire system predominat 
but in many recent installations alternating-current generators are @f 
ployed, so that minimum changes would be necessary in case cen 
station power is purchased. 

In large industrial plants and central stations, alternating currents 
the more common, the frequency and voltage depending upon the class 
service. As a general rule, the smaller stations generate lower vol 
than the larger ones. In the more recent designs, three-phase ¢ 
generation predominates, not only because the energy can be transmitt 
very economically but also because the three-phase can be readily ti 
formed into single or two-phase currents. The frequencies most gene) 
employed are 25- and 60-cycle, with an increasing leaning toward 
latter. The maximum voltage for which generators are designéd 
14,000, but much higher values are used for transmission. The probh 
of selecting the voltage, kind of current, etc., for the particular 
required should be left to the designing engineer at the outset. 

One of the most important factors in the design of a power statit 
the determination of the probable load curve. This refers not only 
average yearly load but also to the maximum daily load which is Ii) 
to occur, the minimum daily load, temporary peak loads, and proli 
future increase. The load factor, which has such a marked bearitij 
the cost of operation, may be closely approximated from the daily 
curves. Steam requirements for heating and industrial purposes, 
supply, and other forms of energy requirements should be consi 
simultaneously with the electrical demands, since these factors 
influence the choice of prime mover. The curves in Figs. 671 and 
taken from the daily records of large power stations in Chicago and 
to illustrate the great variation in the electrical power demands for 
ent days in the year. It is quite evident that an equipment based 
upon the average yearly requirements may not be adapted to th 
economical operation. 

The load curves for manufacturing plants may be predetermin 
fair degree of accuracy, since the power demands for various 
may be readily segregated and analyzed, but with public utility 
and certain classes of isolated stations the problem is largely @ 
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judgment. Thus, in the case of an industrial plant, the power require- 
ments for lighting, manufacturing purposes, heating, ventilation, and 
sanitation may be closely approximated, since the size of building, exposure, 
number of floors, and the number of elevators afford a definite basis for 
analysis; but, with public utility concerns, the probable load depends 
largely upon the business acumen of the management in securing customers, 
the location of the plant, and future demands. In the latter case, the load 
curve is based chiefly upon the experience of similar plants under com- 
parable conditions of operation. . 


TABLE 132 


Oprratine Costs or TypicaL INDUSTRIAL PLANTS 


(1922) 
(Harry Himelblau) 




























Plants B 

Number of boilers in plant................. 3 
Rated capacity of boilers................++. 500 
Number of boilers in operation....... ...... 3 
Number of boilers in reserve.............-.++- 0 
oiler hp. in operation. ............6.0. eee 500 
Isoiler hp. generated. .............. sce eee 500 
Per cent rating of boilers in operation....... 100 
Pressure 1DGMOOs ctl. boo erie % ira. ey ype saree f 100 
Mteam generated per hour, lb................ 17,500 
Mteam generated per year, lb................ 54,500,000 
uel per VRwrT TONS te cra ses hues ed ery 7,200 
Average annual evaporation, lb. per Ib. of coal 3.78 
Average coal cost per ton... ............0005 $7.45 
Annual operating costs 

Coal and handling....................505. $55,000 

IXngine and boiler-room labor............. 10,300 

ES oan 0 fh Crd arc Ae aor 1,000 

Oity watererir st. OUe. Bi ee 185 

Boiler compounds 400 

Oil andiwantet.. .. 5.0.25 sense. 300 

Purchased power................ 30,000 20,000 

Tothlaernb tohce te, ito Uist dell d. cae $187,000 $87,185 
Cost per thousand pounds of steam 
(excluding cost of power)........... $0.72 $1.23 

Cost per kw-hr. : 

PurcDAMea Wels side cies <4 Sobre eee aes 9 90's 0.02 0.02 

Generated power: ..ffrescite re ee. 0.035 0.035 





In any case, the greatest care should be exercised in estimating the 
maximum peak load which is likely to occur. High peak loads with low 
daily average necessitate the installation of large machines which are idle 


or operate uneconomically the greater part of the time and result in heavy 
fixed charges, 
plants is directly traceable to failure to consider the influence of maximum 


The financial failure of many electric light and power 
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peak loads on the ultimate cost of operation. In connection with cent 
station service, every customer represents a certain investment, regard 
of the amount of power used. Even should he consume no power, 
account would have to be carried on the books and a certain amouni 
equipment would have to be held in readiness to serve him. In of 
that every customer shall ineur his share of the expense, the expens 
the plant must be apportioned between the capacity and output co 
The heavier the peak load, the greater will be this charge, and, as in 
with many small lighting plants where current is used but three or f 
hours a day, the “readiness to serve” charge becomes excessive, | 
either the station must operate at a loss or the unit cost will appear 
prohibitive. 
The curves in Fig. 679 are taken from recording ammeter and record 
steam-meter readings of a 200-kw. direct-connected and a 45-kw. 
generator set installed at the power plant of the Armour Institut 
Technology, and serve to illustrate the influence of load on econom 
very unfavorable conditions. At 8:00 a.m. the small unit is sta 
with initial load of about 150 amperes. As the load increases the 
rate decreases, as is shown by the curve AB. At 9:00 a.m. the log 
beyond the capacity of the small machine and the large unit is put 
service. The increased water rate of the large unit over the requirem 
of the smaller is apparent from the sudden rise in the water-rate i 
This is due to the fact that the large unit is operating at only 20 per 
of its rating, against full load for the small one. The fluctuation 4 
water rate with the load variation is clearly shown. Evidently the 
units are not of the proper size for the particular load conditions. 
the heating months when live steam is necessary for “ make-up" 
poses, the unfavorable engine load has little effect on the ultimate econt 
but during the summer months the loss from this cause may be a 
one. 

The curves in Figs. 680 to 681 show that during the winter month 
combined heating and power plant, the fuel requirements may be pi 
cally uninfluenced by the electrical demands, and an increase in @ 
output does not effect an appreciable increase in fuel consumption 
the influence of the outside temperature is clearly indicated. 


Steam Power Station Design: F. 8. Clark, Power, May 24, 1921, p. 827. 


372. Refinement in Power-Plant Design. — There is no questi¢ 
that the installation of various appliances for utilizing the so-called 
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TABLE 133 
ANNUAL Cost or Steam HEatina 


Chicago Buildings 
(1922) 

















Type of Building................. oO O O O D H H 
No. of floors... . ead 068). Bb ae 19 20 21 19 {11 21 17 
Building vol., million cu. ft....... 7.5 {18 9.5 | 3.7 |11.3 |7 18.1 
Total steam, million lb........... 30.9 |71.0 |87.9 |18.1 [22.4 [53.1 12.5 
‘Total coal, one thousand tons. ...| 2.87 | 6.48 | 3.46 | 1.69 | 2.11 4.54] 1.15 
Coal delivered, dollars per ton....| 5.88 | 5.79 | 6.87 | 6.58 | 6.45 5.95 | 5.86 
Boiler hp.-hr., millions........... 1.03 | 2.37 | 1.19 | 0.60 | 0.75 | 1.77 | 0.42 
Lb. steam per Ib. of coal......... 5.4 | 5.47 | 5.18 | 5.88 | 5.380 | 5.84] 5.43 
Cost per 1000 Lb, of Steam, Cents 
BpOA]. octet a cir aes 54.6 | 53.2 | 61.5 | 61.7 | 60.9} 51.0] 53.9 
Babor s\.see te 6 os iis. eee 19.3 | 20.5 | 21.4 | 24.6 | 22.7 | 16.8] 17.3 
Bish removal. ts. ost. sk ee 1.9] 1.8] 2.9] 2.8] 2.4]. 2.2 2.3 
Mupplios wes whe gots. ces soa 3.7) 3.2] 4.1) 2.8) 383] 3.9 3.3 
Bepairs: loc. dy teks Gees cok ar aemee 11.6 | 9.71 14.0] 7.5 | 12.1] 18.8] 15.2 
Fixed charges...............+0068 18.1 | 20.6 : 19.9] 18.3 
Total. ga) 00 hee. ee $1 .092/$1.09 |$1.225 225 $1. 168|$1.191 191 $1.076] $1. 103 
O, Office Buildings; D, Department Store; H, Hotels. 
ments. This is also true for plants operating on the Benson super-pressure 


or the Emmett mercury-steam principle; but just where the added heat 
economy will be balanced by increased first cost, complexity, and reli- 
ability of operation can only be determined by a careful study of all of the 
factors entering into the problem of power generation. Thermal gains can 
he calculated with a fair degree of accuracy and first cost can be estimated 
within reasonable limits, but reliability of operation can be judged only 
from actual experience. That rapid progress has been made is evidenced 
by the almost revolutionary ideas incorporated in the latest projects. 
Many engineers are very conservative and are slow to adopt any marked 
(oparture from established practice. This reluctance is not due to op- 
position but rather to an attitude of “ waiting to be shown,” with a general 
yoadiness to accept the innovations as soon as their value is definitely 
oxtablished. Fuel and labor costs and the load factor are the predomina- 
(ing influences in determining how far it is commercially feasible to carry out 
the thermal savings. Solely because of the steadily increasing cost of fuel, 
wnall non-condensing steam-electric plants, which do not permit the utiliza- 
tion of a large part of the exhaust for heating or process work, may soon be 


heat losses and the use of high-pressure and high-temperature 
operating in heat cycles other than the Rankine, will result in 
overall thermal efficiencies far above those obtained without 


4 matter of history. Electricity for this class of service will, in all prob- 
ability, be furnished either by large central stations or some other type 
of prime mover having lower fucl costs, Even in the large steam-electric 
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TABLE 134 industrial plant with heavy electrical requirements and low demands for 
Cost or Oprration, Tat OrricE BurILpine * : . . ; 
d ; onomical to purchase central-station service than 
A. Cost of steam. Total steam production... 25,700,000 eer od Leg + ape “ y P 
to generate current within the plant itself. 

1, Coal... .<gaEM y+. $ 8,750.00 Cost per thousand lb... 60¢ ‘ 2 ' 

. aa roma — > Pra — to mpg sorinl Ms 22,5000 The curves in Fig. 682, by Hirshfeld and Ellenwood! are of interest in 
. Boiler-room labor... ... 000. ive steam for heating. 3, , . : : 
4. Boiler-toom supplies and showing what may be expected in the way of coal consumption for a 
fa Sl 775.00 25,700,000 200,000-kw. steam-turbine plant operating on various cycles and steam 
5. er-room depreciation 1,550.00 Total steam for heating... 16,000, i 

6; All plantoverhead..... "775.00 Live steam for heating...  3-200,000 pressures. These curves are based on a capacity factor of 100 per cent, 
7. Rental value of space . 500.00 combined boiler efficiency 84 per cent, throttle temperature 700 deg. fahr., 



















| $15,420.00 Exhaust used in heating.. 12,800,000 Loe 
B. Cost of electricity. 
BeemOU0,000 Ib. steam @ G0c. 0. oe cca e ete bee ealens 
BENET LO RONCTALONG oe fy so vrv ew eae bee wre pede pete s sate ewae oe os 108 
8. Supplies and repairs for generators... 1.2.20... 00. c cee eee eee eee eid Nan oo erm | | 
4. Depreciation on generators. .......... 20.0 cee e cence een n eee eees 0,98 
| j ix es 
5. Credit exhaust for heating 12,800,000 lb. @ 60c...............0005 Bo, 5 ass) Ranke 
: i i | Set 
Total output, 500,000 kw-hr. 5 14,5003 i ; } 
Cost per kw-hr. = 2-1/4e. g | Say. — 
Charge electric light sold................ 150,000 kw-hr. @ 2-1/4c. 4 a 8” 
Charge electric system for............... 60,000 kw-hr. @ 2-1/4c. 5. 14,000 & ol. 
Charge elevators for..............00e005 175,000 kw-hr: @ 2-1/4e. c| re 
Charge to general expense............... 115,000 kw-hr. @ 2-1/4e. ft 4 3 
Py , 
: $11, « 13,500 
Cost of heating and hot water. 
1. Live steam, 3,200,000 Ib. @ 60c.. 1... cece ccc eee ee eee ee eee 
2. Exhaust for heating 12,800,000 Ib. @ 60c... 1.2... .. cc eee e eee eens sa,000 
TOtal cost.of heating. ..°. 0... cee e ae caeecns vee beetle ee eam 
From these figures can be made up the eT TE ee ee Eek Ne Ge 
Power Plant Statement uae Throttle Pressure, Lb. per Sq, In, Abs. Throttle Pressure, Lb. per 8q,In. Abs. 
edit 
MEE ea sis a ot: 4 pace aS angen ip meena $ 9,250.00 Fic. 682. Relative Coal Consumption of Fra. 683. Effect’ of Steam Pres- 
PA OMMOV ERs oo 3g nies ees she noo eit ha enews eRe 70.00 200,000-kw. Plants Operating on Various sure and Cycle on Cost of Energy 
3. Boiler-room labor........... LHR ge «MRR Fete aint 3,000.00 Cycles and Steam Pressure. at Switchboard of 200,000-kw. 
4. Boiler-room supplies and repairs. .................005 775.00 Plants 
5. Boiler-room depreciation. ........... 0.000 eee ee eee 1,550.00 7 
6. All plant overhead. .........6.. cc cece cee eee cannes 775.00 P : 
B. ry Aha. for aapeceiprs,, ate sie oun lveisal Aire pee oxhaust pressure 1 in. Hg abs., and heating value of coal 12,300 B.t.u. 
4. Denrscintion co gece are TO nT per Ib, Under the assumed conditions, it appears that with coal at $5.00 
t " C. i Lane is nenting maetegs Le Fen OR AN tebe ole tis ee ale olen oc per ton and a pressure of 600 Ib. abs., it is immaterial what cycle is used, 
$ 3. Satee “a ot ge es PPO STF gretry me T PAIS 750.00 other than the Rankine, and that the gain in economy above 600 lb. abs. 
% 4. speeisie BYSHEM. eee eee eee ensue eee steenees ix not attractive. With coal costing $8.00 per ton, the best pressure for 
Act bation Cor ies NG aaa ec buse-load conditions would appear to be near 1000 Ib. per sq. in. 
} Aw .8,.Gerioral expense. os si0 Wises rife Sugino ealeel iy Seong wp eeu The curves in Fig, 688, also by Hirshfeld and Ellenwood, show the 
} FL; 1, SULBGETICItY BOI... 'v:sneya Ale alte unless p+ 0 Orla nea eiess TALE 
dejecekcnelel offect. of steam pressure and cycle on the probable cost of energy at the 
Total or Account A9.0 $22,630.00 P 


! “High-Pressure, Reheating and Regenerating tor Steam Power Plants,” Presented 


* Peapraad form as recommended by the National Association of Building | ) at the Annual meeting of the A.8.M.1,, Deo, 3, 1028, 


and Managers, Executive Office, Edison Building, Chicago, Il, 
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the Rankine cycle at 200 lb. abs. pressure. 
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and Sittinger. 


’ Trans. A\S.M.E., Vol. 44, 1922, p, 1164, 
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Design Correction Factor to be Applied to 
Per Cent Increased Cost of Refined Design 
] Design: Cost of 
B.T.U, Seep! Pesign 
— ee Dollars per Kw. 
Kv. 50 | 75 | 100 | 125 | 150 
16,000 | 1.60 | 1.06 | 0.80 | 0.64 [0.53 
18,000 [1.80 | 1.20 [0.90 | 0.72 | 0.60 
—|——|_ 20,000" | 2.00 | 1.88 | 1.00 | 0.80 [0.67 v. 
| 22,000 | 2.20 | 1.46 | 1.10 | 0.88 | 0.73 
0 ~~} |_24,000__| 2.40 | 1.60 | 1.20 | 0.96 [0.80 
26,000 | 2.60 [1.72 | 1.30 | 1,04 | 0.87 
lr [| 28,000 | 2.80 [1,86 | 1.40 | 1,12| 0.95 
j 30,000 [3.00 | 2.00 | 1.50] 1.20] 1.00 
RY 
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switchboard for this 200,000-kw. plant. Cost of energy is taken as 1 fo 


The curves in Fig. 684 by John A. Stevens and Carl J. Sittinger,' shoy 
the relation between coal cost, load factor, and plant costs and offer 
simple means of estimating how much the necessary refinements will co 


BBE 


- 
Ss 
Design to Give Same P; 


3 
Per Cent Increased Cost Permissable in Refined 


ss 8s 


a 
— 


_ 
co 


Fia. 684. Relation between Coal Cost, Load Factor and Plant Costs, 


and whether the saving in operation will offset the additional fixed eh 
The use of these curves is best illustrated by the examples cited by St: 


“ Let us assume two initial designs, — one at $100 per kw. for a 9 
B.t.u. station giving a correction factor of 1.00, and another at $I 
kw. for an 18,000-B.t.u. station giving a correction factor of 0,79 
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coal at $7.50 a ton and 60 per cent load factor, how much could we afford 
to pay for a station giving an economy of 12,000 B.t.u. per kw-hr.?” 

For the first case, the 12,000-B.t.u. refined design means 40 per cent 
less B.t.u. per kw-hr., for which it would be permissible to pay 62 per cent 
x 1.00 correction factor = 62 per cent more than the initial design, or 
$162 per kw. 

For the second case, the 12,000-B.t.u. refined design means 33} per 
cent reduction in B.t.u. per kw-hr. for which it would be permissible to 
pay 51 per cent X 0.72 correction factor = 36.7 per cent more than the 
initial design, or $171. 

Overall thermal efficiencies in the steam-electric plant vary from less 
than 5 per cent of the heat energy of the fuel, for the small non-condensing 
installation discharging the exhaust to waste, to approximately 20 per 
cent in the large modern condensing central station with favorable load 
factor. Even if it were commercially practical to install and operate a 
condensing plant with the most efficient cycle so far suggested, utilizing 
steam at 1200 lb. initial pressure, temperature 800 deg. fahr. and 1 in. 
abs. vacuum, the maximum possible overall efficiency would probably 
not exceed 30 per cent. The average small non-condensing plant in 
which all the exhaust steam is utilized for heating or process work is 
capable of furnishing electric energy at an overall heat efficiency of approx- 
imately 30 per cent, and a large non-condensing plant equipped with 
economical boilers and prime movers could readily realize 60 to 70 per 
cent efficiency under the same conditions. This naturally suggests the 
utilization of the exhaust of large central power stations for heating and 
process work, by distributing the exhaust steam directly or by circulating 
the condensing water through a closed system. To be of commercial 
value, the exhaust steam or circulating water must have a temperature 
much higher than that carried in the conventional condensing plant. 
This necessitates increased first cost of prime movers and heavy initial 
investment in distributing systems which, under the usual steam condi- 
tions, frequently more than offset the thermal gain. Besides, the power 
und heat loads do not coincide. There are a number of public utility 
plants operating as combined power and heating plants, in which exhaust 
steam is distributed at 10 to 15 Ib. gage pressure, but few are giving satis- 
factory financial returns because of the transmission heat losses and also 
because of the heavy fixed charges due to the large-diameter mains re- 
quired to convey low-pressure steam. With high initial pressures of, say, 
1000 to 1200 lb. gage and temperatures of 750-800 deg. fahr. expanding 
down to 200 Ib, in a non-condensing turbine or engine, it is possible to 
obtain a kw-hr. on a heat consumption of less than that realized in the 
conventional 150 Ib, initial pressure, non-condensing plant exhausting at 
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5 to 10 lb. back pressure. The specific volume of the exhaust at 200 Ib 
gage will be less than one-fourth that of saturated steam at 10 lb. gage 
so that a correspondingly smaller heating main may be furnished fo : 
the same capacity. ‘This exhaust may be distributed at 200 lb. press 
sure and reduced to 5 or 10 lb. at the point of utilization. The non-con 
densing unit could float on the line and its power output could be regu: 
lated by the demand for heating steam. It could be made to operat 
during the heating season on an overall efficiency of 60 or 70 per cent, 6 
more, Where conditions permit, the balance of the power could be pro 
duced by the usual condensing equipment. Whether or not such ¢ 
arrangement will prove commercially successful remains to be seen, b 
it offers a wide field for conservation of heat. It is possible to design 
steam power plant in which practically all of the calorific value of the f 
can be utilized for power and heating purposes, but the commercial succe 
of such a design depends not only upon the cost of conserving the heat bt 
also upon the existence of a market for its utilization. 


Highest Efficiency from Industrial Steam Plants: Power, Mar. 25, 1924, p. 483. 
The Margins of Possible Improvement in the Central-Station Steam Plant: Mee 
Engrg., Dec., 1923, p. 685. 
The Sonvon Super-pressure Plant: Power, May 22, 1923, p. 796; May 29, 1928, p. 8 
High Pressures and High Temperatures in Central Stations: Power, July 15, 1924, p, 


PROBLEMS 


1. The rated capacity of a turbine station is 2000 kw., annual gross output 6,380,0 
kw-hr., maximum load during the year 1800 kw. Required the station load factor @ 
the station output factor. } 

2. If the plant in Problem 1 costs $200 per kw. of rated capacity and the 
fixed charges amount to 14 per cent, required the fixed charges per kw-hr. 

8. A plant cost originally $200,000. It is proposed to establish a sinking fund ¢ 
3 per cent ‘basis. If the weighted life of the plant is assumed to be 20 years and: 
junk value of the apparatus at the expiration of this period is estimated at 15 per 
of the original cost, how much money must be placed in the reserve fund each ye 

4. What will be the accumulated fund in Problem 4 at the end of 15 years? 

5. A coal-handling equipment, purchase price $25,000, is 5 years old, and 
yearly operating cost, including all charges except for functional depreciation, 
follows: 1st year $2500, 2nd year $2600, 3rd year $3000, 4th year $3400, 5th 
$4000. If the interest rate is 6 per cent, required the equated annual operating 60) 

6. Suppose a new system is on the market, suitable for the service perform 
the one discussed in Problem 5, but more economical in operation. The new sys 
costs $35,000 and its estimated functional life and salvage are 10 years and 
respectively. Assuming that the salvage of the old equipment is $1200, and t 
estimated equated annual operating cost of the new system is $2500, will it” 
junk the old one? Assume interest rate on the sinking-fund deposits to be 6 p 

7. A steam-electric power plant has been in operation for 8 years, orig 
$450,000, equated annual operating cost for this period $65,000, The ¢ 
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annuity for this equipment is based on an assumed functional life of 20 years with 
interest at 5 per cent. A new and more economical plant, of the same capacity as the 
old one, can be purchased completely installed for $600,000. The estimated equated 
annual operating expense of the new plant is $35,000. If the old plant can be sold for 
$50,000 net, what is its depreciated value? Assume a functional life of 25 years for the 
new unit and a salvage value of $15,000. 
8. What is the depreciated value of the plant in Problem 7 on the straight-line 
basis? On the sinking-fund basis? 
9. The average fuel consumption of a 30,000-kw. turbo-generator plant is 1.8 lb. 
coal (11,000 B.t.u. per Ib.) per kw-hr. for a yearly station output-load factor of 0.42. 
The cost of coal is $4 per ton of 2000 Ib. and the fuel cost is 50 per cent of the total 
station operating costs. What is the total cost of operation, dollars per year? 
10. A 20,000-kw. turbo-generator uses 14 lb, steam per kw-hr., initial pressure 215 
lb. absolute, superheat 150 deg. fahr., vacuum 27.5 in. referred to a 30-in. barometer, 
feedwater 180 deg. fahr. If the average overall boiler and furnace efficiency is 70 
per cent and the calorific value of the coal is 12,500 B.t.u. per lb., required the average 
B.t.u. supplied by the fuel per kw-hr. generated. Determine also the average weight 
of coal used per kw-hr. ' 
11. During the winter months, all of the exhaust steam from a 500-hp. non-con- 
densing engine-generator set is used for heating purposes. Engine uses an average of 
50 Ib. steam per kw-hr., initial pressure 125 lb. absolute, back pressure 17 lb. absolute, 
initial quality 98 per cent, feedwater 210 deg. fahr. If the average overall boiler and 
furnace efficiency is 65 per cent and the coal costs $5 per ton of 2000 Ib. (calorific value 
12,000 B.t.u. per lb.), what is the actual cost of fuel for power only, cents per kw-hr.? 
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373. Specifications for a Horizontal Tubular Steam Boiler.!— The fol 
lowing specifications for one 72-in. horizontal-return tubular steam boile 
pressure 150 lb., were prepared by the Hartford Steam Boiler Inspectia 
and Insurance Company for the Armour Institute of Technology, Chicag 

This specification is intended to cover the construction of one hor 
zontal tubular boiler designed to operate at a maximum pressure of 1 
Ib. per sq. in. Each bidder must submit a proposal for doing the w 
exactly as specified, but alternate proposals involving slight modification 
will also receive consideration provided such modifications are f 
described. 

The Boiler Contractor shall furnish the various accessories mention 
herein and he shall also provide all the necessary miscellaneous iron 
steel work as hereinafter enumerated. The Contractor under this spec 
fication will not be required to construct foundations, brickwork or oth 
masonry. 

Drawings. — Drawings prepared by The Hartford Steam Boiler | 
spection and Insurance Company accompany this specification and 4 
made a part hereof; the drawings and specification are intended to 
plement each other and to be mutually co-operative, and, unless othe 
noted, the Boiler Contractor shall follow all details and shall furnish 
parts and fittings which may be required by the drawings and omitted 
the specification, or vice versa, just as though required by both, 
said drawings are identified respectively by Nos. 6260 and 4890. 

General Data. — The boiler with its fittings shall be constructed 
furnished in accordance with the following general data and dimensions 


Diameter measured on inside of largest course.............e...- 
Number of courses... 0. cod. io ks A 


Thickness of material : Heads, 3°; in. Butt-straps, yy in. Shell 
44 in. 

Girth seams: Single-riveted lap-joints with rivets spaced 2% in, on ¢ 

Longitudinal seams: .......< ses deen es Quadruple-riveted butt 

Diameter of rivets for all seams. .... 6.600 c cece es qin, (4-in, 


' Paragraphs pertaining to properties of stecl plates, rivets, and tubes 
greatly abridged because of space limitation, 
94 


id 


Tubes: Number, 70. Diameter, 4 in. Length, 18 ft. Thickness, 
0.134 in. 

Braces above tubes : Number on each head, 20. Least diameter, 1}/in. 
Diameter of rivet holes for attaching, 7 in. Least cross-sectional 
area through sides at each rivet hole on head end, 0.55 sq, in.; ditto 
on shell end 1.10 sq. in. ; ; 

Through-braces below tubes: Number, 2. Least diameter, 2 in. Least 
diameter of upset on front end, 2} in. Diameter of pin, 1{ in. Least 
cross-sectional area through center of eye, 3.83 ‘sq. in. 


TYPICAL SPECIFICATIONS 


Site Ff lowe pipes 207.2 Pe ere ss. 23 in. 
Diameter of nozzles : Steam opening..............00.. cere eee 6 in. 
Safety valve connection. 0.7 lesen eee eee 6 in. 
Size OF feed pipes EO Ee ae, eee ee eee sss eS 13 in. 
Manholes : One in front head below tubes and one in top of shell. 
Sizeof grates? AEs ete 72 in. long by 66 in. wide. 


Height from grates to bottom of shell, at front end..............-40 in. 

Smoke-Box : Bolted to front head by clip angles. Smoke opening 
60 in. by 14 in. 

Style Of Fronts) 2S PEER Pe AE eae ee Flush. 

Fittings to be furnished with the boiler as follows: — One 10-in. steam 
gage graduated from 0 to 225 lb., brass siphon and union-cock for 
gage, two 2}-in. safety valves with minimum lift of 0.08 in., flanged 
Y-base for safety valves, three 3-in. gage cocks, one combination 
water-column, one 2-in. gage glass 14 in. long. 


Method of Support. — The boiler shall be suspended by means of U- 
bolts and steel hangers, from a framework made up of four I-beams and 
four columns. J-beams shall be 8 in. deep and shall weigh 18 lb. per ft.; 
they shall be assembled in pairs by means of tie-bolts and separators, 
spaced near each end and at intervals of not more than 4 ft., in such 
manner that the adjacent edges will be 3 in. apart. If cast-iron columns 
are used they shall be round with an outside diameter of 8 in. and a thick- 
ness of % in., or square with a width of 8 in. and a thickness of { in. Six- 
inch rolled-steel H-beams, weighing 23.8 lb. per ft. may be used for columns 
but no other form of structural steel column will be approved unless it can 
be shown that the safe load (figured in the usual manner with regard to 
length and radius of gyration) will be equal to that which can be allowed 
on the H-beams specified above. Steel columns shall have suitable base- 
plates and cap-plates riveted on and cast-iron columns shall be made with { 
top and bottom flanges of proper design, Details of hangers, U-bolts, 
ote,, are shown on the accompanying drawing. 

Properties of Steel Plates, — (Chemical requirements have been omitted.) 








916 STEAM POWER PLANT ENGINEERING 
Complete tests must be made to show that each plate will fulfill the above 
requirements in regard to tensile strength, elastic limit, chemical com: 
position, elongation, bending, and homogeneity; and any plates failin 
to meet the said requirements shall be rejected. One tension, one cold 
bend, and one quench-bend test shall be made from each plate as rolled, 
All details in regard to size and shape of specimens, method of maki 
tests, etc., shall be in strict accordance with the “ Requirements for Test 
ing Steel,” as adopted by The Hartford Steam Boiler Inspection and In 
surance Company. f 

All tests and inspections of material may be made at the place of manu 
facture prior to shipment. Certified copies of reports of all tests must k 
approved by a representative of The Hartford Steam Boiler Inspectia 
and Insurance Company before any of the material covered thereby 
used for any portion of the work contemplated by this specification. 

Stamping. — (Omitted.) 

Rivets. — (Omitted.) ; 

Details of Riveting. — Longitudinal seams shall be of the butt-joi 
type with double covering straps, and the details shall be as specifi 
herein and as shown on the accompanying drawing, except that the pi 
of rivets in the outer row may be increased or decreased (with correspor 
ing changes in the pitch of rivets in the other rows) in cases where § 
changes are desirable in order to secure a proper spacing of rivets bety 
girth seams. It must be understood, however, that no such change ¢ 

be made without the consent and approval of the inspector having j 

diction and no such change shall be allowed if it will result in a factor 

safety lower than 5.00 or if it will produce a pitch too great for proj 
calking. Except for rivet holes in the ends of butt-straps, the dis 

from the center of the rivet to the edge of the plate must never be less t 

one and one-half (13) times the diameter of the rivet hole. The 

must be arranged to come well above the fire-line and to break join 
the separate courses. ; 

Rivet holes shall either be drilled full size with plates, butt-straps 
heads bolted up in position or else they shall be punched at least 

quarter inch (}”’) less than full size. If the latter method is used, p 

straps, and heads shall be assembled and bolted together after punc 

and the rivet holes shall be drilled or reamed in place one-sixteenth ip 

(7y”’) larger than the diameter of the rivets. After reaming or drill] 

plates and butt-straps shall be disconnected and the burrs removed | 

the edges of all rivet holes. If any holes are out of true more 

sixty-fourth inch (;/;’’), they must be brought into line with a 

drill; evidence that a drift-pin has been used for this * purpose 

sufficient cause for the rejection of the entire work, The plates 
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rolled to a true circle before drilling and the butt-straps and ends of plates 
forming the longitudinal joints must be formed to the proper curvature 
by pressure, — not by blows. Particular care must be used to secure 
proper fitting where the courses telescope together at girth seams. ‘This is a 
matter of the utmost importance and the results obtained will be considered 
as a criterion of the general character of the workmanship throughout, 

Rivets must be of sufficient length to completely fill the rivet holes 
and form heads equal in strength to the bodies of the rivets. Rivets 
shall be machine-driven wherever possible, and always with sufficient 
pressure to entirely fill the rivet holes; the authorized inspector of The 
Hartford Steam Boiler Inspection and Insurance Company shall have the 
privilege of cutting out rivets to see if satisfactory results have been 
obtained and all such work of cutting rivets and replacing them shall be 
done at the expense of the Contractor. Rivets shall be allowed to cool 
and shrink under pressure. 

Calking and Flanging. — All calking edges shall be beveled to an angle 
of about fifteen degrees (15°) and every portion of such edges shall be 
planed or milled to a depth of not less than one-eighth inch (}’’), Bevel- 
shearing will not be acceptable in place of planing or milling but chip- 
ping will be allowed in special cases provided the workmanship will meet 
with the inspector’s approval. All seams must be carefully calked with 
a round-nosed tool. 

Flanging must be performed in such manner that the flange will stand 
accurately at right angles to the face of the sheet and the straight portion 
of the flange must be long enough to allow for making a perfect joint with 
the shell plate. The radius of the bend, on the outside, shall be at least 
equal to four times the thickness of the head. 

Tubes. — (Chemical requirements and method of testing have been 
omitted.) Each tube must be legibly stenciled with the name or brand 
of the manufacturer, the material from which it is made (steel or char- 
coal iron), and the words ‘“ Tested at 1000 lb.” 

All tests and inspections shall be made at the place of manufacture 
and the Boiler Contractor shall require the tube manufacturer to certify 
that the tubes have been tested and have met the requirements stated 
above, Tubes shall be rejected when inserted in the boiler if they fail to 
stand expanding and beading without showing cracks or flaws, or opening 
at the weld. 

Tube holes may either be drilled full size or punched so as to have 
« diameter at least one-half inch (4’’) less than full size and then drilled, 
reamed, or finished full size with a rotating cutter. The full size diameter 
of the hole shall be yy inch greater than the outside tube diameter, Edges 
of tube holes shall be properly chamfered, 


ou 
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Tubes shall be set with a D 
ciaueal toll udgeon expander and all ends shall be sub 
_ Staying. — The number, size, arrangement, and general details of stay 
or braces are specified on page — and shown on the drawing. Nochang 
shall be made in the number and location of braces without the a rol 
of The Hartford Steam Boiler Inspection and Insurance Com sid 
braces shall be made of solid, weldless mild steel. died 
Braces above the tubes shall be of the diagonal crowfoot form am 
none of them shall be less than three feet, six inches (3’ 6’’) lon e 
brace shall be attached by means of four rivets, two at each any ri ‘ 
of a larger diameter than specified on page — may be used if refi 
but the cross-sectional area through the brace at the sides of ‘a i 
holes must be maintained as called for. Braces having a rectal 
cross section may be used provided the cross-sectional area of each 
is equal to that of each of the round braces specified, and provided al 
that the requirements regarding size of rivets and a area through i 
holes are fulfilled. Braces must be carefully set to bear uniform Pe 
Through braces shall be used below the tubes, extending from hell 
to head. Each brace shall be upset on the rear end to form an e e . 
the eye shall be inserted between the outstanding legs of a pair ti od 
. irons and held in place by a turned bolt passing through holes drilled | 
both angles and in the eye. The angles shall be securely riveted to 
rear head in the manner shown on the drawing, being held at a distan 
of three inches from the head by means of spacers made of extra hea 
pipe. Spacers must be accurately squared on both ends so that the 
all be of the same length and will furnish a rigid and uniform oil 
for the angles. Through braces shall be upset and threaded on the ; 
ends and shall pass through the front head, being secured with nuts 
washers both inside and outside. The center line of the braces at the f 
head must not be lower than the center line of the manhole r 
oa oe hs shall be oval or elliptical in shape; not sm 
n in. lon 11 in. wi i 
ne g by n. wide, and shall conform to the following 
The manhole in the top of the shell shall be placed with its lo , 
mension crossways of the boiler. The frame shall be made of a 
steel formed to the proper curvature, and it shall be riveted to ‘ica 
of the shell with two rows of rivets symmetrically spaced. Based oa 
allowance of 44,000 Ib. per sq. in. the size and number of ‘the rivets mi 
be such that their total shearing strength will not be less than twi . 
tensile strength of the plate removed, as figured from the ero ) 
area in a plane passing through the center of the manhole and thal 
the shell; the net cross-sectional area of the manhole frame, as 


« 
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such a plane, must not be less than the cross-sectional area of the plate 
removed in the same plane. 

The manhole in the front head shall be formed by flanging the head 
inwardly to a depth of not less than three times the thickness of the 
head all around the opening and a steel band shall be shrunk on, pinned 
in position, and properly machined for the gasket bearing;. the band will 
not be required if a recessed manhole plate is used. 

All necessary manhole plates, yokes, bolts, and gaskets shall be fur- 
nished to make the installation complete, the various parts being pro- 
portioned so as to have a strength equal to that of manhole frames. Man- 
hole plates and yokes shall be made of pressed steel. Gasket bearings 
shall be at least one-half inch (}’’) wide and the thickness of gaskets shall 
not exceed one-quarter inch (4”’). 

Nozzles. — Nozzles shall be made of pressed or cast steel and shall be 
of heavy and substantial design properly adapted to the pressure to be 
carried. They must be accurately shaped to fit the curvature of the shell 
and must be carefully and securely riveted in place in such manner that 
the face of each flange after erection will lie in a horizontal plane parallel 
with the upper surface of the tubes. The flange of each nozzle must be 
properly faced. 

Feed Piping. — Feed piping must be firmly supported in the boiler in 
such manner that no portion of the piping can be in contact with any 
of the tubes or other parts of the boiler. The feed pipe shall enter the 
boiler through the front head by means of a brass or steel bushing placed 


~ on the left-hand side of the boiler, three inches (3’’) above the top of the 


upper row of tubes as shown on the drawing. The feed pipe shall extend 
back from the bushing to approximately three-fifths the length of the 
boiler, crossing over to the center and discharging above the tubes. The 
pipe must not discharge in proximity to any riveted joint. 

All external feed piping will be furnished under separate contract but 
the Boiler Contractor must leave the threads in proper condition so that 
the piping can be readily connected. 

Blow-off Pipe Connection. — A connection for blow-off pipe shall be 
provided on the bottom of the shell near the rear end, as shown on the 
drawing. It shall consist of an extra-heavy pressed steel flange, properly 
tapped for the blow-off pipe and securely riveted to the boiler shell. 

Fusible Plug. — A fusible plug shall be placed in the rear head, on the 
vertical diameter, and the center of the plug must not be less than two 
inches (2’”) above the upper surface of the tubes.. The plug must project: 
through the sheet not leas than one inch (1’’), 

Fusible plugs shall be filled with pure tin the least diameter of which 


shall be one-half inch (4’’). 


a a ee 
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Safety Valves. —Safety valves shall be of the direct spring-loade 
pop type with seats and disks of nickel or other non-ferrous materi 
Valves must operate without chattering and must be set and adjus 
to close after blowing down not more than 6 lb. Springs must not show 
permanent set exceeding ;'; in. ten minutes after being released from 
cold compression test closing the spring solid; no spring shall be use 
for a pressure in excess of 10 per cent. above or below that for which it y 
designed. j 

Each safety valve shall have a substantial lifting device with the spind 
so attached that the valve disk can be lifted from its seat through a diste 
not less than one-tenth of the nominal diameter of the valve, when 
is no pressure on the boiler. 


The following items shall be plainly stamped or cast upon the body: 


(a) The name or identifying trade-mark of the manufacturer. 

(6) The nominal diameter with the words “Bevel Seat” or “Ff 
Seat.” 

(c) The steam pressure at which the valve is set to blow. 

(d) The lift of the valve disk from its seat, measured immediat 
after the sudden lift due to the pop. 

(e) The weight of steam discharged in Ib. per hour at the pressure 
which it is set to blow. 

(f) The letters A. S. M. E. Std. 


Safety valves having a lower lift than that specified on page — may 
used but the diameter must be increased proportionately as directed 
The Hartford Steam Boiler Inspection and Insurance Company. 

In the absence of any specific directions from the Purchaser, the Be 
Contractor shall state in his proposal the make and style of valve 
he intends to furnish. It is understood that failure to do this will 
the Purchaser the right to specify the make of valve after the cont; 
awarded and, in such event, the Contractor agrees to furnish any 1 
the Purchaser may select. } 

Fittings. — The foregoing in regard to choosing the make and 
of safety-valves shall apply in the same manner and with equal fore 
the make of gage-cocks, water-column, steam-gage, etc. 

The combination type of water-column shall be used and open 
for water and steam connections must be tapped for one-and-one-q 
inch (1}’’) pipes. Brass pipe shall be provided for the water conn 
and the piping shall be made up with plugged fittings to fac 

cleaning. 

The Boiler Contractor shall properly drill and tap all holes 
for the installaton of the various fittings, including also a or 
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inch (1/’) pipe with valve for the connection of test gage. The sizes of 
steam-gage, gage-cocks, and gage-glass are specified on page —. 

All nozzles, flanges, fittings, ete., furnished under this specification must 
correspond in diameter, drilling, and other details with the “‘ American 
Standard ” for the stipulated pressure. 

Front. — The front shall be constructed of sectional plate steel or of 
cast iron and the Contractor must state in his proposal which form he 
intends to furnish. If made of steel, the plates must not be less than 
three-eighths inch (3’”) thick (except for moldings, etc.) and they must 
be straight and smooth with all edges machined and properly fitted to 
make good joints. Heavy cast-iron door-frames with planed surfaces 
shall be securely bolted to the plates and the front shall be further rein- 
forced against warping by means of channel irons or other suitable braces 
placed on the back. 

If made of cast iron, the front must be of heavy and substantial design 
and all castings must be smooth, true, and free from cracks, blow-holes, 
or other defects. 

The usual fire doors, ashpit doors, and doors for giving access to the 
tubes shall be provided as shown on the accompanying drawings. All 
doors must be of heavy design and all contact surfaces must be carefully 
machined so that the doors will fit closely. Each flue door must be pro- 
vided with a suitable fastening at top and bottom, designed to clamp 
the door tightly in the closed position and prevent warping. All doors 
shall be furnished complete with handles, catches, hinge-bolts, etc., and 
fire doors shall have liner plates. 

The Boiler Contractor shall furnish all necessary anchor bolts for 
holding the front in position and shall see that the holes for the same 
are properly located in the steel plates or castings. Anchor bolts shall 
have a diameter of at least seven-eighths inch (3’”) and shall be threaded 
and provided with nuts. 

All parts must be carefully made so that the front will present a neat 
appearance after erection. Open joints, loosely-fitting hinges or other 
indications of careless workmanship will be sufficient cause for rejection 
and the Purchaser shall have the option of making any necessary modifi- 
cations and deducting the cost thereof from the contract price or of requir- 
ing the Contractor to furnish new parts which will be satisfactory. 

Grates. — The Boiler Contractor shall figure on furnishing stationary 
grates of suitable design and shall base his proposal thereon. If requested 
by the Purchaser, he shall submit an alternate proposal for furnishing 
shaking, rocking, or dumping grates of a type which the Purchaser will 
specify. ~ ; 

Miscellaneous Iron Work, Arch bara for rear connection shall be 
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made as shown on the accompanying drawings or in accordance with 
some detail which will meet with the approval of The Hartford Steam 
Boiler Inspection and Insurance Company. The Company will not 
approve any arch bar the metal of which is exposed to the action of the 
flames and hot gases. 
The rear connection door must fit closely and the frame must be pr 
vided with means for anchoring into the brickwork. The door must no 
be smaller than sixteen inches by twenty-four inches (16 x 24’’). 
The Boiler Contractor shall furnish all necessary bearer-bars for grates 
all buckstays, tie-rods, lintels for clean-out doors, bolts, etc., and an 
other iron work, not specifically mentioned herein, which may be need 
to complete the installation in the brick setting. Buckstays must 
made of pressed steel or its equivalent; cast iron will not be accepted. 
Tests. — The Boiler Contractor shall at all times afford all facilities 
to The Hartford Steam Boiler Inspection and Insurance Company, 
its authorized representatives, for the test and inspection of all mate 
and workmanship entering into the work covered by this specification. 
Hydrostatic tests shall be made in the presence of the authorized 
spector of The Hartford Steam Boiler Inspection and Insurance Comp 
and in a manner which will meet with the approval of the said inspee 
The pressure for such tests shall not exceed one and one-half (14) ti 
the maximum working pressure as hereinbefore stated. 
Local or State Laws.— All details of construction and _ installa 
shall be made in strict accordance with any local or State ordin 
which may apply and nothing in this specification shall be interp 
as an infringement of such rules or ordinances. If any discre 
should arise, the Contractor shall immediately report it to The H 
Steam Boiler Inspection and Insurance Company for settlement. 
374. Specifications for Steam, Exhaust, Water, and Condenser 
for an Electric Power Station.!— The work referred to in this con 
shall be conducted under the general supervision of 
(referred to as the Engineers), who shall interpret the Specifications 
the Drawings that may accompany the Specifications, and shall arbit) 
any controversies between the parties hereto, that may arise under 
contract, their decision to be final and binding upon both of the 
tracting parties. 
The Contractor shall comply with all laws, statutes, ordinances, 
and regulations of the town or city, the state and the government in 
the work is to be performed, and shall pay all fees for permits 
spections required thereby. 
The Contractor shall, at an early date, communicate with o 


' From the files of a prominent Chicago engineering firm. 
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tractors employed by the Purchaser, and shall work in harmony with them, 
any differences of opinion between contractors being arbitrated by the 
Engineers or their representative. 

The Contractor shall begin work as soon as possible, and complete 
same, free of all liens and charges, on or before the time mentioned herein. 
If, in the opinion of the Engineers, the Contractor fails to prosecute the 
work with the necessary means and diligence to insure its completion 
within the time limit, then the Engineers shall notify the Contractor by 
written notice to that effect, and the Purchaser may order the Contractor 
to employ more men, machinery, and tools to be put upon the work, 
specifying the additional force required, and if the Contractor fails to 
comply with such written demand within six (6) days from the date thereof, 
or within such time as the Engineers in writing prescribe, then the Pur- 
chaser may employ necessary means to complete the work within the time 
required, and such additional cost caused by either the employment of 
additional men, machinery, or otherwise, shall be deducted from any 
funds due, or that may become due the Contractor on account of this 
contract. The Contractor shall. remove any particular workman or 
workmen from the work, if in the judgment of the Engineers it will be 
for the best interest of the work. 

The Engineers shall have the right to make any changes in the Draw- 
ings or Specifications that they deem desirable. Should any additional 
labor or material be involved in such changes, the Contractor shall be paid 
for supplying same; on the other hand, should such changes reduce the 
amount of labor or material from that originally specified, the Contractor 
shall sustain an equivalent reduction in the contract amount and the 
lUngineers shall be the arbiters in determining rates of increase or reduc- 
tion. No claim shall be allowed for extra labor or material above the 
contract amount, unless same shall have been ordered in writing, with 
remuneration stipulated, by the Engineers. Acceptance by the Con- 
tractor of final payment on the contract price shall constitute a waiver 
of all claims against the Purchaser. 

All material and workmanship furnished under this contract must 
be of the best quality in every particular and the Contractor must remedy 
any defects which develop during the first year of actual service, due to 
faulty material or workmanship, free of expense to the Purchaser. The 
Purchaser, the Engineers, or their representative may inspect any ma- 
chinery, material or work to be furnished under this contract and may 
reject any which is defective or unsuitable for the uses and purposes in- 
tended, or not in accordance with the intent of this contract, and may 
order the Contractor to remedy or replace same; or the Purchaser may, 
if necessary, remedy or replace same at the expense of the Contractor, 
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Until accepted in its entirety by the Purchaser, all work shall be dor 
at the Contractor’s risk, and if any loss or damage should occur to the 
work from fire or any other cause, the Contractor shall promptly repai 
or replace such loss or damage free of all expense to the Purchaser. 
Contractor shall be responsible for any loss or damage to material, too 
or other articles used or held for use in or about the work. 

The work shall be carried on to completion without damage to an) 
work or property of the Purchaser or of others, and without interferi 
with the operation of their machinery or apparatus. 

The Contractor shall furnish all false work, tools and appliances 
may be required to accomplish the work and shall remove all débris a 
erection. 

The Contractor must be responsible for the safety of the work 
finished and accepted by the Purchaser and must maintain all lig 
guards, and temporary passages necessary for that purpose. In ¢ 
of any accident causing injury to person or property, the Contrad 
shall obtain acquittance from or pay the injured person (whether § 
person be an employee, a fellow-contractor, an employee of a fe 
contractor, or otherwise) the amount of damages to which he or 
may be legally entitled on account of any act or omission of the O¢ 
tractor or of any agent or employee of the Contractor, during the pi 
formance of the work referred to herein, and shall provide adeqt 
insurance to protect the Purchaser from all claims arising theref 
The Contractor shall, further, insure the compensation provided for 
any workman’s compensation act which may affect the work, to 
employees or their beneficiaries, and the Contractor shall carry ins 
in a company satisfactory to the Purchaser, insuring said compen 
to its employees or their beneficiaries. The Contractor shall no 
insurance company and cause the name of the Purchaser to be incorpor 

in the compensation policy, the policy or a copy thereof to be depo 
with the Purchaser upon request. The Contractor must save the 
chaser from all claims for damages set up by reason of any such if} 
and from all expenses resulting therefrom. 

No certificates given or payments made shall be considered as 
clusive evidence of the performance of this contract, either who 
in part, nor shall any certificate of payment be construed as accep 
of defective work or improper materials. The Contractor agrees 
nish the Purchaser or the Engineers, if requested, at any time durif 
progress of the work, a statement showing the Contractor's te 
standing indebtedness for material and labor in connection with th 
covered by this contract, such statement to be certified to by a 
public. Before final payment is made the Contractor shall 
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Purchaser by affidavits or otherwise, that there are no outstanding liens 
for labor or materials against the Purchaser’s premises by reason of any 
work done or materials furnished under this contract. 

If, during the progress of the work, the Contractor should allow any 
indebtedness to accrue for labor or material to sub-contractors or others, 
and should fail to pay and discharge same within five (5) days after de- 
mand made by any person furnishing such labor or material, then the 
Purchaser may withhold any money due the Contractor until such in- 
debtedness is paid, or apply same toward the discharge thereof. 

All royalties for patents, or charges for the use or infringement thereof, 
that may be involved in the construction or use of any machinery or ap- 
pliance referred to herein, shall be included in the contract price, and the 
Contractor must satisfy all demands of this nature that may be made 
against the Purchaser at any time. 

This contract shall not be assigned nor shall any part of the work 
be sub-let by the Contractor without the written consent of the Engi- 
neers being first obtained, but such approval shall not relieve the Con- 
tractor from full responsibility for the work included in this contract 
and for the due performance of all the terms and conditions of this con- 
tract; and in no case shall such approval be granted until such Con- 
tractor has furnished the Purchaser with satisfactory evidence that the 
Sub-contractor is carrying ample workmen’s compensation insurance to 
the same extent and in the same manner as is herein provided to be fur- 
nished by the Contractor. 


GENERAL Data 


The work herein referred to comprises the furnishing of all material 
and labor for the complete installation of Piping Systems for two (2) 
kw. units to be installed in the Power Station being erected by 





Each of the two (2) units is comprised of the following machinery: 
(List of machinery omitted.) 

All of the above machinery will be installed on the foundations by 
their respective contractors, and this Contractor shall make all piping 
connection to same unless otherwise mentioned. 

Drawings. (These have been omitted.) 

This contractor shall take such measurements at the building and allow 
for such make-up pieces as shall be necessary to make his work come 
(rue, as the Purchaser and its Engineers cannot be responsible for the 
oxact accuracy of the dimensions given on Drawings. 

The Drawings and Specifications must be taken together and any 
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to complete the system, is to be included. 
Live Stream Prprna 


vided with two (2) 8-in. steam outlets to which this Contractor s 


From these valves Contractor shall provide 7-in. boiler leads conne 
to the steam mains with gate valve at the mains, all arranged as indica 
on Drawings, Nos. — and —. 


fold at rear of each of the two boilers on each unit on both sides of boi 
- room and connect to these manifolds the two 7-in. leads from the fé 
boilers on each unit. From manifold at rear of boilers on north side 
boiler room on each unit a 14-in. connection shall be run across the ba 
ment of firing room and connected together with 14-in. lead from manifi 
at rear of boilers on south side of boiler room of each unit into a 17 
pipe, which shall be connected to the turbines. A 14-in. hydrauli 
operated valve shall be provided on each 14-in. line where they conm 
together into the 17-in. turbine lead; a gate valve shall be provi 
turbine lead. 
Connections shall be provided complete with cast-steel manif 
valves, drip pockets, pipe lengths and bends, all of sizes and a 
as indicated on Drawings, Nos. — and —. 
Steam Loops. — Contractor shall provide the 12-in. steam loops 
tween the steam leads to turbines complete with pipe bends and a hyd 
ally operated gate valve on each end of loop. Hydraulically ope 
gate valves shall also be provided for connecting the future loop, 
indicated on Drawings, Nos. — and —. 
Steam to Auziliaries. — This Contractor shall install a 4-in. aux 
steam header along division wall between turbine and boiler room, | 
connections to manifolds at rear of boilers on south side of boiler # 
with gate valve at each manifold, all arranged as indicated on Draw: 
Nos. — and —. From the auxiliary header connections shall be 
to one service pump in condenser well, three feed pumps in boiler 
exciter in turbine room, two auxiliary oil pumps on turbines and t 
pering coils on air washers, as shown on Drawings. The steam coi 
to each of the pumps must be provided with angle or globe 
at pump. A gate valve must be provided on each connection 
as indicated on Drawings. Each of the three (3) turbin 








work called for in the one or indicated in the other, or such work as can bi 
reasonably taken as belonging to the Piping Connections and necessa 


Connections from Boilers. — Each of the eight (8) boilers will be p: 


























connect an 8-in. angle automatic stop and check valve with 7-in. outle 


Connections to Turbines. — Contractor shall provide a cast-steel mal 
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pumps will be provided with a 3-in. pressure governor by Pump Contractor, 
which this Contractor shall install in the steam line. The steam-driven 
service pump shall be provided with a 2-in. pressure governor by Pump 
Contractor, which this Contractor shall install, providing a by-pass with 
three valves around same, one of which is to be the throttle valve, the 
other two gate valves. This Contractor shall also provide a 8-in. steam 
connection to the exciter, a globe valve at the turbine, and a gate valve 
at header. 

On the steam connections to the oil pumps and air washers this Con- 
tractor must provide a 1-in. extra heavy pressure-reducing valve with 
by-pass around same for each unit. These shall reduce from 250 lb. to 
100 lb., and a second reducing valve shall be provided on connections to 
air washers reducing from 100 lb. to 10 Ib. 

Steam from Turbines to Heaters. — The Contractor shall furnish and 
install the 5-in. steam connections from outlet on intermediate stage of 
each turbine to the auxiliary exhaust line connecting to feedwater heaters 
with automatic stop and check valve, regulating valve operated by ther- 
mostat in feedwater heater, set so as to heat water to about 120 deg. 
fahr., pressure-reducing valve and gate valve at header, as shown on 
Drawings. The exhaust from steam-driven auxiliaries will go to the 
heaters, and it is the intention to take necessary additional steam from 
second stage of turbine to heat the feedwater to required temperature. 

Steam Connections to Soot Ejectors. — Contractor shall provide a 14-in. 
steam header lengthwise on each side of boiler room, with connections to 
cast-steel manifolds in main steam connections with gate valve at north 
side of boiler room and to auxiliary steam header with valve on south side 
of boiler room. From these 14-in. headers a 1-in. connection with globe 
vatve having extended stem shall be run to the ejectors in basement, for 
each of the two divisions of each of the eight economizers, all arranged as 
indicated on Drawings, Nos. —, — and —. 

Steam Ejectors on Condenser Discharge Pipes. — Contractor shall pro- 
vide a 4-in. ejector on top of each of the two (2) 54-in. condenser discharge 
pipes. These shall be of Schutte & Koerting or other make that Engineers 
nay approve. To each of these ejectors Contractor shall provide a 1-in. 
steam connection with valves on both ends of line; also run a 4-in. dis- 
charge connection to 6-in. bilge pump discharge line with gate and check 
valve on each line, 

Supports for Live Steam Piping. —'The main supporting beams upon 
which the- manifolds and fittings are supported will be provided by con- 
tractor for building steel, but this Contractor shall furnish the steel brackets 
framing to the main members above mentioned; also all roller and anchor 
bearings, complete with base castings, rollers, straps, springs, etc., all as 
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indicated and detailed on Drawings. He shall provide the steel frame 
for supporting the 14-in. steam load across the boiler room basement, 
He shall also provide the bearings for supporting the pipes on those sup 
ports. This Contractor shall also provide the main anchor bearings fo 
the 17-in. steam loads to turbines; also the roller bearings and brackets 
for the 17-in. steam load to Unit No. 2. 

The steel brackets for supporting the auxiliary steam header shall b 
provided by Contractor for Building Steel, but this Contractor shall pre 
vide the roller and anchor bearings on these brackets, all as indicated o 
the Drawings. : : 

Contractor shall also provide such additional hangers, braces 4 
supports for the steam piping as may be necessary to properly suppe 
the steam piping; and keep same free from vibration. These must | 
all cases be of steel or iron, and made subject to the approval of ; 
Engineers. 

Steam Drips and Drains. —- The main steam headers shall be drain 
to the 10-in. drip pockets in boiler room basement. This Contraeté 
shall provide and install a 14-in. steam trap for each unit for drai 
the drip pocket and must connect up same with a‘ 14-in. pipe. The ¢ 
charge from the trap shall be connected to the feedwater heater. 
nections at trap shall be arranged with by-pass with three valy 
trap can be cut out of service. 

Each of the 7-in. gate valves on steam leads from boilers shall } 
a boss tapped for }-in. drain above seat, which this Contractor 
connect into a 1}-in. line for each unit and connect same with stop 
check valve to the feedwater heater, also to the clear water rese 
1j-in. lines to be cross-connected with valves. Contractor shall pre 
a boss tapped for j-in. drain on the 12-in. hydraulically operated 
valves on steam loop, also on the two 14-in. valves on lead from man 
at rear of boilers for each unit, and connect same with a 1}-in. pipe to 
respective steam traps, providing by-pass with valves as indicated 
grammatically on drawings. The 12-in. gate valve for future steam |} 
shall also have boss tapped for 3-in. drain and connected to the 1} 
drain line. A globe valve shall be provided on each drain connedt 
Contractor shall also tap the blind flange on tee in steam connec 
condenser well and provide a }-in. drain connection with trap and dise 
connection to the feedwater heater. A by-pass connection with 
valves shall be provided at trap. A 4-in. drain shall also be py 
from lowest point of steam connection in condenser well 
sump. 

Contractor shall run a }-in. drain with valve from the steam 
the three auxiliary turbines driving the boiler-feed pumps and the 
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driving the exciter and connect them into a 1-in, line and run to the hot- 
water reservoir. Drain from casing of service pump turbine to be run to 
drain sump in condenser well with a valve at turbine. 

Contractor shall also provide such other drip and drain connections 
as may be necessary to properly drain the entire system of steam con- 
nections, these to be connected as may be directed by the Engineers. 


Buiow-orr CONNECTIONS 


Boiler Blow-off Connections. — Each of the eight boilers will be pro- 
vided with six (6) 24-in. blow-off fittings on mud drums, which this Con- 
tractor shall connect up to a special fitting on each side of each boiler 
and from which 23-in. connections shall be made to the blow-off header 
under each row of boilers. Eight (8) 24-in. blow-off valves shall be pro- 
vided on the blow-off connection from each of the eight boilers, all arranged 
as indicated on Drawings. 

Contractor shall also provide the 4-in. blow-off header under each row 
of boilers and run 4-in. connections from same to the steel blow-off tank 
in boiler-room basement. This tank shall be furnished and installed by 
the Contractor. The Contractor shall also provide the overflow and 
drain connections to discharge well and vent connections to atmosphere, 
all of sizes and arranged as indicated on the Drawings. 

Superheater Blow-off Connections. — This Contractor shall furnish and 
install the superheater blow-off connections from each of the eight boilers 
to the blow-off header in basement, as indicated on Drawings. Each . 
boiler will be provided with two (2) 2-in. elbows and two (2) 2-in. valves, 
one on each end of each drum and two elbows and two valves on super- 
heater, which this Contractor must connect to the headers. Six (6) 2-in. 
valves must be provided for these connections on each boiler, all arranged 
as indicated on Drawings. 

Blow-off from Economizers. — Each of the eight (8) economizers will 
be provided with eight (8) 23-in. blow-off outlets, provided with angle 
valves. This Contractor shall connect these together to a 4-in. header, 
providing a 23-in. valve on each of the two divisions on each of the eight 
economizers. Headers shall be run along just below economizer floor, 
and 4-in, connection shall be run to hot-water reservoir and 4-in. to dis- 
charge line from blow-off tank. A globe valve with extended stem shall 
be provided on each of these connections. A check valve shall also be pro- 
vided where connection is made to discharge -from blow-off tank. The 
tee on the economizer side of these globe valves shall be tapped for }-in. 
pipe and the connection run to a pet cock above boiler-room floor, which 
shall drain into a funnel connected to discharge well, 
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in boiler room, with a 6-in. connection running up the stair hall to the 
bus chamber under switch house, with gate valve and 3-in. safety valve 
set at 5 lb. pressure in boiler room. A low-pressure header shall be run 
across the bus chamber and up to the overhead header in switch house, 
which shall be run along the south wall and connected to the radiators 
in switch house. An overhead line shall also be run around three sides 
of the office space over switchboard room with drop connections to the 
radiators on the different floors. Drains from the radiators shall all be 
brought together and connected to a direct-connected, geared, motor- 
driven vacuum pump as made by the American Steam Pump Co. and of 
ample capacity for the service and to maintain a vacuum of 5 in. at the 
outlet of radiators. Motor to be similar to those hereafter specified and 
must be complete with starting equipment switches, fuses, etc. All wiring 
between motor and equipment to be provided. 

Discharge from pump shall be connected to the feedwater heater by 



























Exuaust CONNECTIONS 


Exhaust Connections from Turbines. — This Contractor shall furnish 
and install the 42-in. free air exhaust connections from each of the tw 
(2) turbines, as indicated on Drawing No. —, made up of cast-iron pip 
and fittings and riveted steel pipe with forged steel riveted flanges, as mad 
by the American Spiral Pipe Works. The steel pipe shall be close rivete 
and thoroughly calked so as to be air and water tight. Copper expansia 
joint shall be provided between main turbine exhaust and relief valve a 
each unit. The vertical risers shall be of 4-in. plate and shall termina 
above roof, with hoods over same, as per detail on Drawings. Horizont 
pipe between relief valve and base elbow shall be of 4%;-in. steel plat 
There is to be no longitudinal seam on bottom of this pipe. The exha' 
relief valves in these lines shall be as hereinafter specified under “ Mate! 
and Workmanship.” 


Exhaust Connections from Auxiliaries. — This Contractor shall conn 


means of a float-controlled vent, as made by ————— Company. 
up the exhaust outlet on the three (3) turbine-driven feed pumps, auxilia A 3-in. siphon trap shall be provided on outlet of each radiator, as 
oil pumps, service pump and exciter together, and make connection made by —————, and a standard radiator valve provided on inlet of 


each of the two feedwater heaters, with gate valve at each pump, @ 
heater and sectionalizing valve between heaters, all of sizes and arrange 
as indicated on Drawings. A 10-in. riser to atmosphere with combi 
tion back pressure and relief valve near heater and exhaust he 
above roof shall be provided on connections to each of the two heat 
Exhaust heads shall be of No. 16 galvanized iron and of most imp 
type. Each heater will also be provided with a 4-in. relief outlet, wh 
this Contractor shall connect up with a back pressure valve to the 10: 
relief pipe to atmosphere on each unit, all arranged as indicated on Di 
ings. 

Heating System for Switch House, Operating Room and Offie 
Contractor shall furnish and install for heating switch house, ope 
room, and offices, a complete two-pipe heating system, with overk 
supply system and drain in basement. The switch house heating 
shall have a total direct radiation of approximately 1912 sq. ft., diy 
into 17 radiators. The operating room, offices, bedrooms, stair hall, 
at end of turbine room shall have a total radiation of approxim 
3188 sq. ft., divided into 55 radiators, all of sizes and arranged as 
be directed by the Engineers. A layout drawing showing size of rad 
and sizes of branch connections will be provided later. All radiate 
be ‘ ” two-column radiators, or 
make that the Engineers may approve. ll radiators to have top 
connections. 


Steam for this system shall be taken from the auxiliary exha 


cach radiator. All piping to be rigidly suspended in approved manner. 

Safety Valve Vent Pipe. — This Contractor shall furnish and install 
the safety valve vent pipes on each of the eight (8) boilers, as shown 
on Drawings, Nos. The Discharge openings of the six (6) 44-in. 
safety valves on drum of each boiler shall be connected together as in- 
dicated, and a 12-in. riser run through roof and terminating in a 12-in. 
tee. He shall also furnish and install the safety valve vent pipes from the 
discharge openings on each of the two (2) 4-in. superheater safety valves 
on each of the eight (8) boilers. The outlets of two valves shall be com- 
bined into a 6-in. pipe and run through roof terminating in a 6-in. tee. 
A 4-in. drain pipe shall be provided on elbows at each safety valve, con- 
necting into a 3-in. pipe from each boiler, which shall be run to ashpit. 

Exhaust Drips. — This Contractor shall install a 23-in. drip pipe 
{rom the 42-in. free exhaust from each turbine, providing a deep U-trap 
und discharging into hot-water reservoir under boiler room basement 
(loor. 

The Turbine Contractor will connect up the drains from the carbon 
packing rings into a 3-in. pipe on each of the two (2) turbines. This 
Contractor shall connect each of these pipes to the hot-water reservoir. 
Cate valves on vertical connections from auxiliaries shall be tapped 
above seats for $-in, bleeders, which shall be connected together into 
u I-in, line and run to hot-water reservoir, Drain from gate valve on 
service pump shall be run to drain sump in condenser well. 

Support for Lxhaust Piping, — Relief valves on turbine exhaust lines 
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shall be provided with bases, which will be supported from floor unde 
valves, and the vertical risers will be carried on the base elbows, but 
this Contractor shall provide and set angle iron braces for vertical ri 
as per detail. » 
This Contractor shall provide all necessary anchors, hangers, an 
braces for properly supporting the auxiliary exhaust lines, as may b 
required by the Engineers. 


Water Piping 


Circulating Water Connections. — Purchaser shall provide and install 
suction connection from intake crib to the suction inlet on each of the t 
circulating pumps. ‘ 

Condenser Contractor shall provide the discharge connection from cire 
lating pump to condenser on each unit. 

Purchaser shall furnish and install the condenser discharge piping ov 
side of condenser well, including gate valves, elbows, and vertical pi 
length in discharge well, but this Contractor shall provide the sped 
fitting, pipe lengths, and expansion joints on condenser discharge co} 
nections inside of condenser well. One of the pipe lengths on dischar 
connection from Unit No. 1 in the condenser well will be provided 
ground by Purchaser, but this Contractor shall install same, pro 
gaskets and bolts for making up joints, all arranged and of sizes as it 
cated on Drawing Contractor shall also provide the 6-in. tail pi 
from 54-in. gate valves in discharge well. 

Hotwell Pump Connections. — Contractor shall connect up the 
hotwell pump discharge outlets on each unit to the inlet on p: 
heater in upper section of condenser, providing check and gate 

at each pump. From outlet of primary heater, connection shall 
run to inlet on top of heater of each unit. The primary heater is & 
to be by-passed with necessary valves, all of sizes and arranged as indi¢ 
on drawings, Nos. Connections to heaters’ shall be cross 
- nected with valves as indicated on Drawings. 

Feed-Pump Suction Connections. — Contractor shall furnish and ip 
the suction connections to the two (2) feed pumps on each unit with 
nections from heater, filtered water header and unfiltered water sy 
with valve on each connection, all of sizes and arranged as indicat 
Drawings, Nos. Suction connections from heaters 
cross connected with valve as indicated. 

Botler-Feed Piping. — This Contractor shall furnish and 
charge connections from the feed pumps to the feed headers anc 
feed headers to economizers and boilers, all arranged as shown on 
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ings. There are to be two separate feedwater systems for each unit with 
independent connections from pumps to boilers, as shown. The auxiliary 
feed header is to be run in the boiler room at rear end between boilers 
and in basement across firing room to boiler on north side of room, with 
connections from same to boilers, The main feeder header shall be sus- 
pended from the economizer floor framing over boilers with connections 
to each of the eight (8) economizers and from economizers to the boilers. 
Connections between the economizer divisions will be provided by Econo- 
mizer Contractor. 

Each boiler will have two (2) feed inlet connections and Boiler Con- 
tractor will provide a 4-in. automatic stop and check valve on each of 
these outlets, to which this Contractor shall connect. 

Each economizer will be provided with a 4-in. inlet at bottom and a 
4-in. outlet at top, which this Contractor shall connect up. 

From the 7-in. auxiliary feed headers, this Contractor shall run a 4-in, 
connection up the front of boilers, with a 4-in. connection to the inlet 
at each end of drum, providing a gate valve at header connection and a 
globe and check valve in horizontal run at front of boiler. 

From 7-in. main feed headers, Contractor shall make a 4-in. connection 
to each economizer with two gate valves on each connection. He shall 
also make a 4-in. connection from outlet of each economizer to the feed 
line connecting to each of the boilers, providing a gate and check valve 
at economizer outlet and an angle globe valve with extended stem all 
arranged as indicated on Drawings. 

Contractor shall provide two air chambers on each of the two main 
feed headers, and one air chamber on each of the two auxiliary headers, 
with gate valve on headers and with compressed air connections with 
extra-heavy stop and check valves. 

Contractor shall provide a 6-in. cross connection between the two 
(2) 7-in. main feed lines and auxiliary feed lines, with gate valve on each 
connection, as indicated. Connections at pumps shall be arranged with 
special two-way check valves and gate valve, all of sizes and arranged 
as indicated on Drawings. 

Water Connections to Hydraulically Operated Valves. — This Contractor 
shall provide and connect up a four-way cock for the hydraulically oper- 
ated valve on the steam lead to turbine; the two 14-in. valves on steam 
lead from boilers; the 12-in. valve on steam loop on each unit and the 12-in. 
valve for future steam loop. The 4 four-way cocks on each unit are to 
be located in a box set in the division wall between boiler and turbine 
rooms, all as indicated on Drawings. Boxes shall also be provided by 
this Contractor, Water supply for the four-way cocks is to be taken 
from both the feed headers, with gate and check valves arranged as in- 
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dicated on Drawing. Drain connections with troughs and drain pi 
connected to hot-water well are to be provided as indicated. 

The following items included in the complete specifications have b 
omitted: 


High-pressure Boiler-Washing System. 
Service Water Piping. 

Make-up Water Connections. 

Water Drains. 

Miscellaneous Drains and Vents. 

Oil Connection to Turbines. 

Pipe and Fittings for Oiling Systems. 
Compressed-air System. 

Air Washer Circulating Pump Suction. 
Floor and Wall Thimbles. 

Hose. 

Thermometers and Gages. 


MATERIAL AND WORKMANSHIP 


General Instructions. — All material and workmanship supplied 
these Specifications shall be the best of their respective kinds. 

All material shall be such as specified herein and free from 
or flaws of any kind, and subject to such tests and requirements ag 
be herein described or as may be necessary to prove the effective 
the material or workmanship. All labor is to be performed by 
skilled in their particular line of work, and to the full satisfaction 
Supervising Engineers or their representatives. The Specifications 
template the very best quality of material and the most mee 
character of workmanship. 

All of the work shall be erected, ready for practical use, to the 
faction of the Engineers, and all bolts, gaskets, and necessary 
shall be furnished by this Contractor. 

This Contractor shall satisfy himself as to the accuracy of the Dra 
and must take such measurements and allow for such make-up le 
pieces as may be necessary to make his work come accurately 
The piping must be erected so as to preserve accurate alignment 
iron gaskets or fillers will be allowed between flanges. 

Where the work of this Contractor connects to that of ano 
connections shall be made by this Contractor, and he must see 
flanges for connection to the other work are properly drilled to 
latter, irrespective of drilling dimensions on the Drawings 
given. 
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The work contemplated herein shall be carried on so as to harmonize 
and not interfere with the work of other contractors or with the operation 
of the Station or any of the machinery that may be contained therein, 
Where connections are made to the old work, they shall be done at such 
time as shall meet the approval of the Chief Engineer of the Station. 
The work shall be installed as expeditiously as possible and subject to 
the general direction of the authorized Engineers. 

The following items pertaining to material and construction details are 
included in the complete specifications but have been omitted from this 


copy. 


Steel Pipe. Traps. 

Welded. Flanges. Flanged Joints. 
Threaded Flanges and Unions. Cast-iron Pipe. 
Fittings. Supports and Hangers. 
Valves. Testing. 

Hydraulically Operated Valves. Pipe Covering. 

Relief Valves. Painting. 


Special Valves and Appliances. 


Condenser Specifications and Bids for Detroit Municipal Plant: Power, Dee. 11, 1923, 
p. 934. 

Fuel Specifications: Report of Prime Movers Committee, N.E.L.A., June, 1924. 

Specifications: Report of Prime Movers Committee, N.E.L.A., Feb., 1926. 











CHAPTER XXI— SuPPpLEMENTARY 
PROPERTIES OF SATURATED AND SUPERHEATED STEAM 


$75. General. — The thermal and physical properties of water vap 
though based on experimental data, permit of accurate mathemati 
formulation, but the equations involved are too complex and unwie 
for everyday use. Tables and graphical charts calculated and pla 
from these laws offer a simple and accurate means of solving practics 
all steam problems, and recourse to thermodynamic analysis is seld 
necessary. 

Several tables and graphical charts of the properties of saturated 
superheated steam have been published, and though the values given 
the various authorities differ somewhat from each other the variatior 
negligible for most engineering purposes, at least for pressures Uf 
250 Ib. abs. The steam tables of Peabody,! Marks and Davis,’ an 
Goodenough? are most commonly used in American engineering p 
These tables give the simultaneous physical and thermal properti 
saturated and superheated steam for various pressures and tempera 
All three tables are practically identical in arrangement as far as saty 
steam is concerned but differ somewhat in the treatment of supe! 
steam. At this writing (1926) the Bureau of Standards, Mass. 
Technology, and Harvard University are engaged in research work 
view of perfecting and extending steam tables, a progress report of 
may be found in Mech. Engrg., Jan., 1926, p. 144. 

376. Notations. — It is to be regretted that there is no accepted 
ard set of symbols for designating the various properties of steam, 
use of different notations for the same property, as in the tables 
consideration, leads to much confusion. In the following dise 
attempt has been made to follow general practice rather than that 
particular author. 

377. Standard Units. — The mean B.t.u., or ;}y of the heat req 
raise one pound of water from 32 deg. to 212 deg. fahr., is the @ 
standard heat unit in all recent works on thermodynamics. 


1 Steam and Entropy Tables, Peabody, John Wiley & Sons, 1909. 

2 Steam Tables and Diagrams, Marks & Davis, Longmans, Green & © 

3 Properties of Steam and Ammonia, Goodenough, John Wiley & Sons, 
936 
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The mechanical equivalent of heat J may be taken for all engineering 
purposes as 


1 mean B.t.u. = 778 standard ft.-lb. 
(Goodenough, J = 777.64; Marks & Davis, J = 777.54.) 


The reciprocal of J or 7+, is generally designated by the letter A. 

The value of the absolute zero has been variously given as ranging 
from 459.2 to 460.66 deg. fahr. below zero. The most generally accepted 
value is 459.6. For all engineering purposes, the value 460 degrees is 
sufficiently accurate. Temperatures referred to zero deg. fahr. are gener- 
ally designated by ¢ and absolute temperature by 7’. 

The normal pressure of the atmosphere, or one standard atmosphere, 
is taken as 29.921 in. of mercury at 32 deg. fahr., or 14.6963 lb. per sq. in. 
For most. purposes these values may be taken as 30 in. of mercury at 
ordinary room temperature and 14.7 lb. per sq. in., respectively. Steam 
pressure should always be stated in absolute terms and not “ gage ”’ since 
the atmospheric pressure varies within wide limits. Notations p and P 
are commonly used to designate pressure, but because of the various 
methods of measuring this property they should be qualified to this effect. 
In the following discussion p represents pounds per square inch absolute 
and P pounds per square foot absolute. 

378. Quality. — This term applies strictly to the per cent of vapor in 
a mixture of vapor and water or wet steam, and is usually designated 
by x; thus a quality of 0.95 signifies that 95 per cent of the total weight 
of the mixture is vapor. For saturated steam z = 1. The quality of 
superheated steam is designated by the temperature of the vapor or the 
degrees of superheat. The latter term refers to the difference between 
the actual temperature and that of saturated vapor of the same pressure. 

379. Temperature-Pressure Relation. Saturated Steam.— All proper- 
ties of saturated steam depend on temperature only. For any tempera- 
ture there is a corresponding pressure, the relationship being determined 
from formulas based upon experimental data. A large number of formulas 
have been proposed to represent this relationship, but the more exact 
equations are too cumbersome for everyday use. In Marks and Davis’ 
steam tables the pressure-temperature relationship is based upon the 
following law: 


log p = 10.51535 — 4873.71 T-!—0.00405096 7'+0.00000139296 T?. (306) 


Wet Steam. — The relation between pressure and temperature is the 


same for wet steam as for saturated, since the quality does not affect 


the temperature, 
Superheated Steam. —'The temperature of superheated steam is not de- 
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pendent solely upon the pressure and some additional property is nece: 
to fix the relationship. 

380. Specifie Volume. Saturated Steam. — The specific volume s 
saturated steam, or the number of cubic feet occupied by one po 
varies with the pressure and is equal to the sum of the original vol 
of one pound of water o, and u the increase in volume during vapori 
tion, thus: 


s=ur+t+so. 
- Goodenough’s modification of Linde’s equation is 
she! 
w = 0.59465 = — (1 + 0.0518 p) me 
. log m = 10.825. 


Wet Steam. — The specific volume v of wet steam may be cale 
as follows: 


v=as+(1—a2)o 
= auto. 


s is given in all saturated steam tables. o varies from 0.0161 cu, 
per lb. at a pressure of 1 lb. per sq. in., absolute, to 0.02 cu. ft. at 300 
¢ is so small compared with s that it may be neglected for most p 
and the specific volume becomes v = zs. v may be taken directly 
the volume-entropy chart. 

Superheated Steam. — The specific volume of superheated steam 
given in all superheated tables. The values in Goodenough’s 
were calculated from equation (308) by substituting wu = v’ — o. 

Wm. J. Goudie (Engineering, July 1, 1901) gives the following 
rule for determining the specific volume which gives satisfactory 
for moderate degrees of superheat. 


o’ = s (1 + 0.00167’, 
in which 


s = specific volume of saturated steam, cu. ft. per lb., 
t’ = degree of superheat. 


Tumlirz’s formula is a simple and fairly accurate abridgment of eq 
(308) for moderate degrees of superheat but at higher temperatures 
results that are too low. 


v’ = 0.5962 7 — 0.256, ‘ 


- 
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381. Heat of the Liquid. — The heat of the liquid g, B.t.u. per Ib. 
above 32 deg fahr., is the amount added to water at 32 deg. fahr. in 
order to bring it to the temperature of vaporization, thus: 


T 
q= feat, 


in which c = specific heat at constant pressure. — 
c varies with the temperature, but the relationship does not permit 
of simple formulation. If cm = mean specific heat for the temperature 


range, 


(313) 


q = Cm (t — 82). (314) 

For many purposes it is sufficiently accurate to ASSUME Cm = 1, then 
q =t— 32. The relationship between 1, c, and Cis shown in Fig. 685 
for a wide range in temperatures. 
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Fic. 685. Specific Heats of Water. 





400 450 


The heat of the liquid is manifestly constant for a given temperature 
whatever may be the condition of the steam. ee: 

382. Latent Heat of Vaporization. — The latent heat of vaporization r; 
B.t.u. per lb., is the amount of heat required to change the fluid from 
a liquid to vapor at the same temperature. The latent heat has been 
accurately determined by direct experiment from 32 deg. to 356 deg. 
fahr. and numerous formulas have been based upon the experiments for 
calculating this quantity. Goodenough’s values are calculated from the 


Clapeyron relation: 


Fea (eso) rth (315) 
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A simple formula which gives accurate results from 32 deg. to 400 d 


the liquid and the heat of vaporization, or 
fahr. is 


’ Nee ¢ (321) 
r = 970.4 — 0.655 (t — 212) — 0.00045 (t — 212). (BI Py, + o. (322) 


At higher temperatures Hennings’ exponential formula as modified The heat content of saturated steam may be calculated by means of 
Dr. Davis is perhaps more accurate than equation (316), the Davis formula: 


r = 189 (689 — #)°95. (31 = 1046.187 + 0.6077 t — 0.00055 #. (323) 
The latent heat decreases with the increase in temperature wu 
temperature of approximately 706 deg. fahr. (corresponding press 
8200 lb. per sq. in.) is reached, when its value becomes 0. This is 
the critical temperature. 
Values of r are given in all saturated steam tables. 
Special interest attaches to the values of r at 212 deg. fahr. bee 
of its common use in engine and boiler tests. The following values 


The quantity (eo + @) 7 sives the increase in energy of the saturated 


vapor over that of the liquid at 32 deg. fahr. and is called the intrinsic 
energy. 

Wet Steam. —If vaporization is not complete the heat content Hy, 
B.t.u. per lb. above 32 deg. fahr., may be expressed: 


; ; : Hy =ar+q (324) 
been assigned to this quantity. - 
e meas = ap + APru+@. (325) 
Regnaulte nT. dsasstenn ob. 966.0 Marks and Davis......... . 
Peabody.............0000. $60.7. “Bmith.0 0 ee Superheated Steam.—If heat is added at constant pressure after 
FIGS Uae ee the dock os 971.2 Goodenough.............. 


vaporization is completed, the vapor will be superheated, and the heat 


- ; e q ontent H, i 
External Latent Heat. — During the heating of the liquid the eh pone aes 


in volume is very small and may be neglected; hence the external 
done is negligible and also practically all of the heat goes to ind! 
the energy of the liquid. During vaporization, however, the vo 
changes from o to s. Since the pressure remains constant, the exté 
work that must be done to provide for increase in volume is 


P(s—oc) = Pu 
and the corresponding heat or external latent heat is 
AP (s—o) = APu. 


Internal Latent Heat. — The heat r added during vapori 
used in increasing the energy and is doing external work. Hen 
difference, or internal latent heat p, B.t.u. per lb. above 32 deg. fah 


p=r-—APu, 


is the heat required to do disgregation work. { 384. Specific Heat of Steam. Saturated Steam. — If the amount of heat 

383. Total Heat or Heat Content.!— The total heat of 8 aturated required to raise the temperature of saturated steam one degree and 
d, B.t.u. per Ib. above 32 deg. fahr., is evidently the sum of thé will maintain a saturated condition is construed as the specific heat 
i f rr of saturated steam, then the quantity is negative, since heat must be 
abstracted to effect this result, 


H, 


r+qt Cnt’ (326) 
=A+ Cyt’, (3827) 
in which 


Cm = mean specific heat of the superheated vapor at constant pressure, 
v = degree of superheat = fsup. — teat. 


Goodenough gives the following formula for calculating the heat con- 
(ent of superheated steam, absolute temperature of the steam 7, deg. 
fahr. 





3 
H, = 0.320 T, + 0.000063 72 — 73.08 mye BOR a 
+ 0.00333 p + 948.7, (328) 
log Cs = 10.7915. 


1 The heat content or initial thermal potential is greater than the to! 
the heat equivalent of the work of pumping the liquid into the boiler, 
quantity is negligible for most practical purposes. Modern steam tab 


Cut. = 0.85 = 0,000666 (t — 212) — 7 (329) 
content rather than total heat, 
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Superheated Steam.— The true or instantaneous specific’ heat C’ 
superheated steam at constant pressure is the amount required to 
crease the temperature of one pound one degree fahr. Goodeno 
equation based on the experiment of Knoblauch and Jakob is 

23,583 342 p?) 
Fs y 


C’ = 0.320 + 0.000126 7, + 2 + Cpl + OO ED 


TS \ 


log C, = 11.3936. 
The mean specific heat may be calculated from superheated s 
tables as follows: : 


Cn = Fon, — >, - & 
The mean specific heat of superheated steam at constant pressure 
a wide range in pressures and temperatures is given in Table 135. 
values are calculated from Marks and Davis’ Steam Tables. 
385. Entropy. General. — No change in a system of bodies that 
place of itself can increase the available energy of the system. 
matter of fact, the actual physical process is accompanied by frie 
effects and the quantity of energy available for transformation 
work is decreased. This decrease in available energy or ine 
unavailable energy is given the name increase of entropy. Al 
the solution of all engineering problems involving thermodynamic 
can be obtained without employing entropy, still its use simpli 
~ ealculation in much the same manner that logarithms facilitate 
numerical computations. Increase of entropy between the a 
temperatures 7’, and T; may be expressed mathematically 


Th 
Increase of entropy = f qq ; 
Te T 


in which dQ represents an infinitesimal amount of heat and 7’ the a 
temperature at which it is added. 


Entropy of the Liquid. — The increase in entropy @ due to 
one pound of liquid from 32 deg. fahr. to temperature 7’ is 


o- f o-f a 
a T ao «T'’ 


T; = absolute temperature of the liquid = ¢, + 460, 
q = heat of the liquid above 32 deg. fahr., B.t.u. per lb., 
c = specific heat of water at temperature 7’. 


in which 


TABLE 135 
MEAN SPECIFIC HEAT OF SUPERHEATED STEAM 


(Computed from Marks and Davis’ Steam Tables) 









130 
455 
459 
464 
469 
473 
477 
481 
485 
488 
496 
512 
526 
539 
550 
562 
572 
583 
5 

602 
612 





120 








110 


Degrees of Superheat, Fahr. 
















634 
656 
678 
700 
724 





40 

453 
460 
465 
470 
475 
479 
484 
489 
493 
506 
530 
552 
575 
597 
622 
645 
672 
695 
722 
740 





30 

453 
460 
465 
470 
475 
480 
484 
489 
494 
507 
533 
556 
580 
606 
633 
657 
686 
712 
746 
773 





452 
460 
465 
470 
475 
480 
485 
490 
494 
508 
535 
560 
585 
615 
645 
675 
710 
740 
770 
805 








730 
770 


800 


690 














200 
225 
250 
275 
300 
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tion (333) does not reduce to a simple form. F 


example, Goodenough’s equation for the range 32-212 deg. fahr. ass 


the form 
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Since c varies with the temperature according to a rat. 
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Total Entropy of Saturated Steam.— The increase in entropy 
liquid at 32 deg. fahr. to saturated vapor at temperature 7’ is 
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n+0=7+0. 
m+0= +6. 


N 
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Total Entropy of Wet Steam. 
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Total Entropy of Superheated Steam. 









- | 
fei |~| B82 258 58s sas exe age ges N = ntmt0 = H+ Cnloge a+ (342) 
Agee SSS SSS FAN Fee aH ANN WS . 

% Using Knoblauch and Jakob’s values for the specific heat of superheated 
a ‘i F vA steam, Goodenough gives the following rule for calculating the total 
9 % ASR ag RSE £85 5135 $88 = 5 entropy of superheated steam 

N, = 0.73683 log 7, + 0.000126 7’, — —*—? — 0.2535 log p 
g88 sgz B88 282 89 2: £ 
ib bash ie St ~ SB OP) — 0.08086 48) 


TP 








log C, = 10.69464. 

Tables 136 and 137 are abridged from Marks and Davis’ “ Steam 
Tables and Diagrams.” 

386. Mollier Diagram.— Steam tables are often accompanied by 
graphical charts that may be used to great advantage in the solution of 
thermodynamic problems. Fig. 686 gives a skeleton outline of the 
total heat-entropy diagram and Fig. 687 a reduced copy of the complete 
chart. The first conception of the heat-entropy chart is due to Dr. R. 
Mollier of Dresden, hence the name, Mollier Diagram. 








Heat 
Equivalent 
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TABLE 137. TABLE 137. — Continued 
PROPERTIES OF SUPERHEATED STEAM. —_ 
Reproduced by Permission from Marks and Davis’ “ Steam Tables and Diagrams.” page Satu- Degrees of Superheat. Sreanuse, 
(Copyright, 1909, by Longmans, Green & Co.) Pounds rated | —————— | ee Pounds 
fj Absolute, Steam. 50 100 150 200 250 300 Absolute. 
Pressure, Satu- Degrees of Superheat. < 
Pounds rated 
Absolute. Steam. 50 100 150 200 t | 820.3 | 370.3 | 420.3 | 470.3 | 520.3 | 570.3 | 620.3 | ¢ 
— 90 v 4.89 5.29 5.67 6.04 6.40 6.76 7.11) v 90 
t | 162.3 | 212.3 | 262.3 | 312.3 t h |1184.4 |1211.4 |1287.2 |1262.0 |1286.6 {1310.8 |1834.9 | h 
v 73.3 79.7 85.7 91.8 v 5 t | 324.1 | 374.1 | 424.1 | 474.1 | 524.1 | 574.1 | 624.1 | ¢ 
A '1130,5 |1158.5 |1176.4 )1199.5 h 95 |v | 4.65) 5.03} 5.39} 5.74) 6.09} 6.43] 6.76] » 95 
t | 198.2 | 243.2 | 293.2 | 343.2 t A {1185.4 |1212.6 |1288.4 |1263.4 |1288.1 |1312.3 |13836.4 | A] ! 
10 v 38.4 41.5 | 44.6 | 47.7 v 10 t | 327.8 | 377.8 | 427.8 | 477.8 | 527.8 | 577.8 | 627.8 | t 
A {1143.1 |1166.3 )1189.5 |1212.7 h 100 |v} 4.43) 4.79) 5.14) 5.47] 5.80) 6.12} 6.44) » | 7100 
t | 213.0 | 263.0 | 318.0 | 363.0 t A {1186.3 )1213.8 |1239.7 |1264.7 |1289.4 |1313.6 |1337.8 | h 
16 v | .26.27| 28.40} 30.46; 32.50 v 15 t | 331.4 | 381.4 | 4381.4 | 481.4 | 531.4 | 581.4 | 631.4 | ¢ 
h |1150.7 {1174.2 |1197.6 1221.0 h 105 v 4.23 4.58 4.91 5.23 5.54 5.85 6.15) v 105 
t | 228.0 | 278.0 | 328.0 | 378.0 t A |1187.2 |1214.9 |1240.8 |1265.9 |1290.6 {1314.9 |1339.1 | h 
20 v 20.08} 21.69) 23.25) 24.80 v 20 t | 334.8 | 384.8 | 484.8 | 484.8 | 534.8 | 584.8 | 634.8 | ¢ 
h |1156.2 |1179.9 |1203.5 |1227.1 h 110 v 4.05 4.38 4.70 5.01 5.31 5.61 5.90) v 110 
t | 240.1 | 290.1 | 340.1 | 390.1 t i A |1188.0 [1215.9 |1242.0 |1267.1 |1291.9 |1816.2 {1340.4 | h 
25 v 16.30) 17.60) 18.86) 20.10 v 25 t | 338.1 | 388.1 | 4388.1 | 488.1 | 538.1 | 588.1 | 638.1 | ¢ 
h |1160.4 '1184.4 |1208.2 |1231.9 h 115 v 3.88 4.20 4.51 4.81 5.09 5.38 5.66) v 115 
t | 250.4 | 300.4 | 350.4 | 400.4 t A {1188.8 |1216.9 |1243.1 1268.2 |1293.0 |1317.3 |1341.5 | h 
30 v 13.74| 14.83} 15.89) 16.93 v 30 t | 341.3 | 391.3 | 441.3 | 491.3 | 541.3 | 591.3 | 641.3 | ¢ 
h |1163.9 |1188.1 |1212.1 |1236.0 h 120 |v] 3.73) 4.04| 4.33) 4.62} 4.80) 5.17] 5.44) v 120 
t | 259.3 | 309.3 | 359.3 | 409.3 t A }1189.6 |1217.9 1244.1 |1269.3 |1294.1 |13818.4 |1842.7 | h 
35 v 11.89} . 12.85} 13.75) 14.65 v 35 t | 344.4 | 394.4 | 444.4 | 494.4 | 544.4 | 594.4 | 644.4 | ¢ 
h {1166.8 |1191.3 |1215.4 |1239.4 h 125 v 3.58 3.88 4.17 4.45 4.71 4.97 5.23) 125 
t | 267.3 | 317.3 | 367.2 | 417.3 t A {1190.3 |1218.8 |1245.1 |1270.4 |1295.2 |1319.5 |1343.8 | h 
40 v 10.49} 11.33) 12.13) 12.93 v 40 t | 347.4 | 397.4 | 447.4 | 497.4 | 547.4 | 597.4 | 647.4 | ¢ 
h {1169.4 |1194.0 1218.4 |1242.4 h 130 v 3.45 3.74 4.02 4,28 4.54 4.80) 5.05] v 130 
t | 274.5 | 324.5 | 374.5 | 424.5 t A }1191.0 |1219.7 |1246.1 |1271.4 |1296.2 |1320.6 |1344.9 | h 
45 v 9.39} 10.14) 10.86) 11.57 v 45 t | 350.3 | 400.3 | 450.3 | 500.3 | 550.3 | 600.3 | 650.3 | ¢ 
A |1171.6 |1196.6 |1221.0 |1245.2 h 135 v 3.33 3.61 3.88 4.14 4.38 4.63 4.87) v 135 
t | 281.0 | 331.0 | 381.0 | 4381.0 t h {1191.6 |1220.6 |1247.0 |1272.3 |1297.2 |1321.6 |1345.9 | h 
50 v 8.51 9.19 9.84} 10.48 v 50 t | 353.1 | 403.1 | 453.1 | 503.1 | 553.1 | 603.1 | 653.1 | ¢ 
h \1173.6 |1198.8 |1223.4 |1247.7 h 140 v 3.22 3.49 3.75 4.00 4,24 4.48 4.71) v 140 
t | 287.1 | 337.1 | 387.1 | 437.1 t A }1192.2 |1221.4 |1248.0 |1273.3 |1298.2 |1322.6 |1346.9 | h 
55 v 7.78 8.40 9.00 9.59 v 55 t | 355.8 | 405.8 | 455.8 | 505.8 | 555.8 | 605.8 | 655.8 | ¢ 
h {1175.4 |1200.8 |1225.6 {1250.0 h 145 v 3.12 3.38 3.63 3.87 4.10 4.33 4.56) v 145 
t | 292.7 | 342.7 | 392.7 | 442.7 t A \1192.8 |1222.2 |1248.8 |1274.2 |1299.1 |1323.6 |1347.9 | h 
60 v 7.17 7.75 8.30 8.84 v 60 t | 358.5 | 408.5 | 458.5 | 508.5 | 558.5 | 608.5 | 658.5 | ¢ 
h |1177.0 |1202.6 |1227.6 |1252.1 h 150 v 3.01 3.27 3.51 3.75 3.97 4.19 4.41] » 150 
t | 298.0 | 348.0 | 398.0 | 448.0 t] h {1193.4 |1223.0 |1249.6 1275.1 |1300.0 {1324.5 |1348.8 | h 
65 v 6.65 7.20 7.70 8.20 v 65 t | 361.0 | 411.0 | 461.0 | 511.0 | 561.0 | 611.0 | 661.0 | ¢ 
h {1178.5 |1204.4 |1229.5 |1254.0 h 155 v 2.92 3.17 3.41 3.63 3.85 4.06 4.28) v 155 
t | 302.9 | 352.9 | 402.9 | 452.9 t A |1194.0 |1223.6 |1250.5 |1276.0 1300.8 |1325.3 |1349.7 | h 
70 a 6.20 6.71 7.18 7.65 v 70 t | 363.6 | 413.6 | 463.6 | 513.6 | 563.6. | 613.6 | 663.6 | ¢ 
h }1179.8 |1205.9 |1231.2 |1255.8 h mo 160 v 2.83 3.07 3.30 3.53 3.74 3.95 4.15] v 160 
t | 307.6 | 357.6 | 407.6 | 457.6 t , A {1194.5 |1224,5 |1251.3 |1276.8 |1301.7 |1826.2 |1350.6 | h 
75 v 5.81 6.28 6.73 O47, v 7 t | 366.0 | 416.0 | 466.0 | 516.0 | 566.0 | 616.0 | 666.0 | ¢ 
h {1181.1 |1207.5 |1232.8 h ; 165 v 2.75 2.99 3.21 3.43 3.64 3.84 4.04) v 165 
t | 312.0 | 362.0 | 412.0 t A |1195.0 [1225.2 |1252.0° |1277.6 |1802.5 |1827.1 [1351.5 | A 
80 v 5.47 5.92 6.34 v t | 368.5 | 418.5 | 468.5 | 518.5 | 568.5 | 618.5 | 668.5 | ¢ yf 
h |1182.3 |1208.8 h 170 v 2.68 2.91 3.12 3.34 3.54 3.73 3.92) v 170 { 
t | 316.3 t h }1106.4 |1225.9 |1252.8 |1278.4 |13803.3 | 1827.9/1352.3 | h 
85 v 5.16| 5.59] 5.99| 6.38 pas H : 
h |1183.4 [1210.2 1235.8 |1260.6 {1285.2 |1309.4 |1 5 ¢ Tomporature, dog. fabr, / 








¢ = Mpesifio volume, in ouble feet, per pound, 


magees ol 
ume, d= Total heat from water at $2 degrees, Btu, 
in i bie fo or pound > 





‘= iene 
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TABLE 137. — Continued In addition to the Mollier diagram, the Marks and Davis tables include 

in | a _  <.—a obs aticicnaeclye i ae a total heat-pressure diagram which is of great assistance in the solution 
Pressure, | Satue Dearess st eperiem, of problems involving ratios of expansion. 

| The Ellenwood Charts (John Wiley & Sons, Publishers) have a much 

wider field of application than the diagrams mentioned above and afford 






Absolute, | SOR 40 100 150 200 250 300 












































i te means of solving practically all thermodynamic 
t | 370.8 | 420.8 | 470.8 | 520.8 570.8 620.8 | 670.8 a simple and accura &P pt y 
175 |v} 2,60) 2.83} 3.04] 3.24 3.63} 3.82 175 problems involving the use of the properties of steam. 
A }1195.9 |1226.6 |1253.6 |1279.1 1304 iy 1328.7 |1353.2 1 
t | 878.1 | 423.1 | 473.1 | 523.1 | 573.1 | 623.1 673. i ‘a Paacinh reps oan oe 5, 1924, p. 200; Apr. 12, 1924, p. pe Apr. 19, 
180 v 2.53} 2.75) 2.96) 3.16 3.35} 3.54 4 1924, p pr. »Pp 
h |1196.4 /1227.2 are 1279.9 rg 1329.5 ieee Beperiments on the Generation of “ Critical” Steam: Power, Oct. 28, 1924, p. 693. 
t | 875.4 | 425.4 | 475.4 | 525.4 | 575.4 | 625.4 | 675. : 
185 v 2.47 2.68} 2.89) 3.08 3.27, 3.45] 3.63 185 
1196.8 |1227.9 |1255.0 |1280.6 |1305.6 |1330.2 |1354.7 
377.6 | 427.6 | 477.6 | 527 577.6 | 627.6 | 677.6 
190 2.41} 2.62! 2.81 190 



















1197.3 |1228.6 |1255.7 |12 
379.8 | 429.8 | 479.8 | 5: 
2.35] 2.55) 2.75 


1806.3 |1330.9 |1355.5: 


6 
-6 
-00;} 3.19) 3.37) 3.55 
3 
8 | 579.8 | 629.8 | 679.8 


3 
81. 
29. 
2.93} 3.11] 3.29) 3.46 
1197.7 |1229.2 |1256.4 |1282.0 |1307.0 |1331.6 |1356.2 
381.9 | 431.9 | 481.9 | 531.9 | 581.9 | 631.9 681.9 
2.29} 2.49} 2.68) 2.86] 3.04 : 
1198.1 /1229.8 |1257.1 |1282.6 |1307.7 
384.0 | 434.0 | 484.0 | 534.0 | 584.0 
2.24, 2.441 2.62) 2.80] 2.97 
1198.5 |1230.4 |1257.7 |1283.3 |1308.3 
386.0 | 436.0 | 486.0 | 536.0 | 586.0 
2.19) 2.38] 2.56) 2.74) 2.91 
1198.8 |1231.0 [1258.4 |1284.0 |1309.0 
388.0 | 438.0 | 488.0 | 538.0 | 588.0 
2.14 . 2.33) 2.51) 2.68] 2.84 -00 
1199.2 |1231.6 |1259.0 1284.6 |1309.7 |1334.4 |1359.1 
389.9 | 439.9 | 489.9 | 539.9 | 589.9 | 639.9 | 689.9 
2.09; 2.28] _ 2.45] 2.62) 2.78! 2.94) 3.10 
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v 195 
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h {1199.6 |1232.2 |1259.6 |1285.2 |1310.3 1335.1 |13859.8 
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391.9 | 441.9 | 491.9 | 541.9 | 591.9 | 641.9 | 691.9 
2.05 2.23) 2.40) 2.57) 2.72) 2.88] 3.08 
1199.9 |1232.7 |1260.2 |1285.9 |1310.9 |1335.7 |1360.3 
393.8 | 443.8 | 493.8 | 543.8 | 593.8 | 643.8 | 693.8 
2.00) 2.18) 2.35] 2.51) 2.67) 2.82] 2.97 
1200.2 |1233.2 |1260.7 |1286.5 |1311.6 |1386.3 |1361.0 
395.6 | 445.6 | 495.6 | 545.6 | 595.6 | 645.6 | 695.6 
1.96) 2.14, 2.30] 2.46) 2.62 
1200.6 /1233.8 |1261.4 |1287.1 |1312.2 
397.4 | 447.4 | 497.4 | 547.4 | 597.4 
1.92) 2.09} 2.26} 2.42) 2.57 
1200.9 |1234.3 |1261.9 |1287.6 |1312.8 
399.3 | 449.3 | 499.3 | 549.3 | 599.3 | 649.3 | 699.3 
1.89, 2.05] 2.22} 2.37| 2.52) 2.66] 2.80 
1201.2 |1234.8 |1262.5 |1288.2 |1313.3 |1338.2 |1362.9 
401.0 | 451.0 | 501.0 | 551.0 | 601.0 | 651.0 | 701.0 
1.85; 2.02} 2.17/ 2.33] 2.47] 2.611 2.75 
1201.5 /1235.4 |1263.0 |1288.8 |1313.9 1388.8 |1363.5 
402.8 | 452.8 | 502.8 | 552.8 | 602.8 | 652.8 | 702.8 
1.81; 1.98) 2.14 2.28) 2.43) 2.56) 2.70 
1201.8 |1235.9 |1263.6 |1289.3 |1314.5 |1389.3 {1364.1 





2.77| 2.91 
1337.0 |1861.7 
647.4 | 697.4 
2.71) 2.85 
1337.6 |1362.3 
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t = Temperature, deg. fahr, 
» = Specific volume, in oubio feet, por pound. 
4 = Total heat from water at 32 dogrees, B.t.u, 
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Example 95. — At a pressure of 115 lb. per sq. in. absolute, the volume 
of one pound of vapor and liquid is increased 1 cu. ft, Required the 
change of quality, external work, increase of energy and heat absorbed. 


Solution. — From steam tables s; = 3.88; o1 = 0.0179; p, = 797.9; 
r= 879.8. 


Change of quality = %2. — x, = 


CHAPTER XXII—SupptemMentTary 










V2 — Vy _ 1 * 

8:— 0, 3.88 — 0.0179 Be? 
External work = P; (v, — v;) = 144 * 115 X 1 = 16,560 ft. lb. 

Change of energy = Si (ae — %) = 797.9 X 778 X 0.259 


= 160,778 ft. lb. 
Heat absorbed = 7; (a2 — 21) = 879.8 & 0.259 = 227.79 B.t.u. 





ELEMENTARY THERMODYNAMICS — CHANGE OF STATE 


387. General. — The laws governing the transformation of steam fro 
one state to another form the basis of practically all thermodynamic analy= 
ses of the steam engine and turbine. The more common and importan 
changes are 

(1) Isobaric or equal pressure. 

(2) Isovolumic or equal volume. 

(8) Isothermal or equal temperature. 

(4) Constant heat content. 

(5) Adiabatic or no external heat exchange. 

(6) Polytropic. 


Superheated Steam. — Let superheated steam change state at constant 
pressure p; from an initial temperature ¢, to a final temperature ¢. 

Change of volume = »’ — »;’._ The values of v’ corresponding to pres- 
sure p, and temperatures ¢; and tg may be taken directly from steam 
tables or they may be calculated from equation (808). They may be 
approximated from equations (311) and (312). 











388. Isobaric or Equal-Pressure Change. Saturated Vapor. — Sin External work = P; (v:' — v;’). c (350) 
the temperature of wet or saturated steam is dependent on the press _ (Hi! ; Hy j 
only, a constant-pressure change of such material must also be a constan Change of energy = (| — Pin ) Bs > 7AM ): (351) 
temperature one. Denoting the initial and final properties by subscript H,’ — Hy’ Pr (vi! f 
1 and 2 respectively: z A = Rado revue (862) 
Initial volume 9; = 218; + (1 — 21) 01 =a@ivitor ( Heat absorbed = H,.’ — Hy’, (853) 
Final volume v, = 228; + (1 — 22) 01 = Mwui+o1 ( Change of entropy = N.! — Ny’. (354) 
Change of volume v. — v1 = u1 (a — 21). ( eran s y ua ta a 
External work W = P; (v. — v;) = Py, (to — 2). Example 96. — Using the data in the preceding example, determine the 
Pe (v» v i a — Be ‘ various quantities, if the initial degree of superheat is 100 deg. fahr. 
Cane? of energy: = A (#2 — &). ( Solution. — From superheated steam tables for p; = 115 and t; = 488.1 
Heat absorbed =T1, (X2 — a). ( (= 338.1 + 100) we find: vy = 4.51; Hy = 1243.1; NY = 1.6549. 
Netaiious! For p2, = pi = 115 and »v,’ = (4.51 + 1) = 5.51 we find by interpola- 
. eit Hm that: eee tion He’ = 1328.5; No’ = 1.7419; te’ = 621.3. 
on oa j = nea onten . 
aie fiat Bee Oy, Fa Wp, Ben per Ib. ing Pr Increase of superheat = ¢,’ — t,’ 
P = |b. a a ft. abs. x = quality of A= foie heat of dry steam, B.t.u. = 621.38 — 438.1 = 183.2 deg. fahr. 
wet steam. . pn pa 
3s = eee woke of dry steam, cu. ft. r= nem heat of vaporization, External work fa ae 11 5 i, 1 = 16,560 ft. lb. 
or tb. ; . as , 
v= pow. b dexsing of vapor, cu. ft. p= i ip latent heat, B.t.u, Increase of energy = Hy 4 A, — Py (m! — v/’) 
o = specific volume of water, cu. ft. q = heat of liquid, B.t.u. per lb. 





per lb. 6 = entropy of the liquid. ‘= (1328.5 — 1248.1)778 — 16,560 
u = increase in volume during evapora- n = entropy of the vapor, = 49,881 ft. lb. 
iM a ee Tad VR ee Increase of entropy = Ny’ — Nj 
| = deg. . above zero. = deg. ime marks indicate su On mi re 
hi age Subeccipte 1, 6. aaa 1.7419 — 1,6549 = 0,087. 


Heat absorbed = Hy! — H,! 


Cm = mean specific heat of water. tively, initial condition, final = 1328.5 ~ 1243.1 = 85.4 B.teu 


| 
j C = mean specific heat of superheated tion, wet steam, and sw 
steam. steam 
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389. Isovolumic or Equal Volume Change. 
the volumes s; and s: are equal 


Saturated Steam. — Since 


81 = So OF XU + 01 = Late + 2. 
External work = 0. 
Heat absorbed = rip; + qi — (292 + qe). 


(355) 
(356) 
(357) 


Example 97.— A pound of mixture of vapor and liquid at 115 Ib. per 
sq. in. absolute and quality 0.9 is cooled at constant volume to a pressure 
of 1 lb. per sq. in. absolute. Required the various properties at the final 
condition and the heat taken from the mixture. 


Solution. — From steam tables: 


r= 115, $1 = 3.88, $i DAN 
Pp. = 1, & = 333, oO = 0.0161, ee = 972.9, 
Q@ = 69.8, m= 1.8427, 0 = 0.1327, 


Final quality 2 = nue eae 


_ 0.9 (3. 88 — 0.0179) + 0.0179 — 0.0161 


333 — 0.0161 
2 = 0.0105. 
Heat removed = 21p; + qi — (aep2 + q) 
= 0.9 X 797.9 +309 — (0.0105 X 972.9 + 69.8) 
= 947 B.t.u. 
Initial entropy NV; = xm, + 6 
= 0.9 X 1. 103 + 0.4877 = 1.4804. 


Final entropy Ne = 2enz 


ne + Os 
0.0105 x 1.8427 + 0.1327 = 0.1520. 


Superheated Steam. — Since the final volume is equal to the init 
and both pressures and the initial temperature are known, the final te 
perature may be calculated from equation (308) or it may be 
directly or interpolated from the steam tables. 


Example 98. — Using the data in the preceding problem determine 
various factors if the initial degree of superheat is 100 deg. fahr. 


Solution. — From steam tables for p; = 115 foe ds = 338.1 + 100 
438.1 we find: v1’ = 4.51, Ay’ = 1248.1, Ny’ = 
s for 1 lb. per sq. in. '- absolute pressure = 388 a o "ft. but the 


volume is 4.51 cu. ft. Therefore the steam is wet at the final condition, 
From steam tables for p. = 1 we find: 


p2 = 972.9, go = 69.8, me = 1.8427, & = 0.1827. 
Since the volumes are equal 


vy = v9 
= Ile + on 
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, — 
Final quality 7, = a 
4.51 — 0.0161 
333 — 0.0161 = 
Heat removed = Hy’ — AP; — (ap. + q) 
144 & 115 

= 1243.1 — —778 x 4.51 — (0.0135 & 972.9 +- 69.8) 
= 1065 B.t.u. 


Tnitial entropy (from steam ri coma N{’ = 1.6549. 


Final entropy Ne = an + br 
= 0.0135 x 1.8427 +- 0.13827 = 0.1575. 


390. Isothermal or Equal Temperature Change. Saturated Vapor. — 
Since the temperature of wet or saturated steam is dependent solely upon 
the pressure, an isothermal change is also isobaric, and the data in para- 
graph (388) are applicable to this change. 

Superheated Steam.— The properties at initial and final conditions 
may be calculated from equations of the properties of superheated steam 
or they may be taken directly from steam tables or charts. If wet or 
saturated steam expands isothermally into the superheated state the 
pressure must drop in order to maintain constant temperature. The 
relation between pressure, volume and temperature for the superheated 
state is given in equation (308). 


Example 99.— One pound of steam at initial pressure 115 lb. per sq. 
in. absolute and superheat 100 deg. fahr. is expanded isothermally to a 
pressure of 1 lb. per sq. in. absolute. Required the various properties 
at the final pressure, the heat absorbed during expansion and the external 
work done. 


Solution. — From superheated steam tables for p; = 115 and t,;’ = 338.1 
+ 100 = 488.1 we find: v;/ = 4.51, Hy = 1243.1, Ny’ = 1.6549. 

For p; = 1 and ty’ = 488.1, ve’ = 535, Ho’ = 1258.3, No’ = 2.1888. 

Final quality t’ — & = 438.1 — 101.8 = 336.3 deg. superheat. 


Heat added during expansion = T,’ (N2’ — Ny’) 


= 898 (2.1888 — 1.6541) 
= 481 B.t.u. 


(Note that the heat added is not equal to the difference in total heats, 
since the isothermal is not a constant-pressure line.) 


External work = } P dv. (358) 

Since the temperature is constant dv may be obtained by differen- 
tiating equation Sa Substituting this value of dv in equation (358) 
and integrating we have, 
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External work = 85.63 7, log. + 2.46 (pil — pe 


= 85.63 X 898 log. 4 2.46 (115! — 18) 


= 366,000 ft. Ib. (approx.) 
10.8250. ) 


ne (359) 





aoa 

(log C = 

“391. Constant Heat Content.— Expansion from one pressure to 

lower one with constant heat content is exemplified in throttling or wire 
drawing. The energy utilized in imparting velocity to the fluid is al 

returned to the fluid at the lower pressure when the velocity is brough 


to zero and there are no radiation losses. ; 
For steam wet throughout expansion 


ain + qi = Xero + gr. (360, 
For steam initially wet but dry at the lower pressure 
Mri + Mm = do 
For steam initially wet but superheated at the lower pressure 
Di + G1 = de + Cote’ = 
For steam initially dry 
Ar = de + Cute’ = Hy’. 


For steam initially superheated 


= H a 
Loss of available energy due to throttling or wire drawing 
Loss B.t.u. per lb. = T, (Nz — Ni). (36 


Example 100.— One pound of steam at an initial pressure of 115 | 
per sq. in. absolute is expanded through a throttling calorimeter ( 
pressure of 16 lb. per sq. in. absolute. If the temperature of the st 


at the lower pressure is 256.3 deg. fahr. required the initial quality of 
steam. 


pera. — From saturated steam tables: 
pi = 115, ry = 879.8, g = 309, N, = 1.5907. 
From superheated steam tables for p, = 16 and t.’ = 256.3 we find: 
Hz = 1170.8, Nz = 1.7765, ty (sat.) = 216.3, 


U1 +q n= 


879.8 2 + 309 = 1170. 8, x = 0.98. 


Mollier diagram analysis, Fig. 687: From intersection of cc 
superheat line f’ = 40 (= 256.8 — 216.3) and constant p 
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= 16 trace horizontally to constant pressure line p, ® 115 and read 
oe its intersection with the constant quality line, 2; = 0,08, 


ilabl =T N;) wes 
Decrease of available energy = 1 3 4 460) (1.7965 — 1.6007) 
= 125.6 B.t.u. 


392. Adiabatic Change of State. — Since in an adiabatic change there 
is no heat added to or abstracted from the fluid, the entropy remains 
constant. 

Steam wet throughout change of state 


Ni = N.z. (366a) 
ani + 0) = Ne + Oe. (367). 
7 +0, =F + (368) 
T. 
For water only, x = 0; a dry steam, « = l. 
Steam initially superheated but finally wet 
Ni = Nz. (369) 
MN + ns = XyNe + 4. (370) 
Steam superheated throughout change of state 
NY = N1’, (871) 
Ni+n; = Nz + Ns); (372) 
tr. T es aa 
Tr + 01+ Cm loge a = 77, + 0 +[Cn log. TI; (378) 


Final Quality. Saturated Steam. — This quantity may be calculated 
directly from equations (366a) and (367). 


Ni — 4% 
Me Se ea ae 


Ne 
= (Ft 6 Me a) 7 T. 
2 


If water only is present at the beginning of expansion, substitute Ni 
= $, in equation (374). 

For initial qualities of a; = 0.50 (approx.) or greater the final quality 
a» decreases as the expansion progresses, and for initial qualities of 1 = 
0.50 (approx.) or less the final quality increases. For initial quality 71 = 
(0.50 the final quality 2, remains practically constant. 

The final volume may be calculated as follows: 


(374) 


(375) 


Wet steam, v2 = at, + o2, (376) 
a, as calculated from equations (867) and (370), 
Dry steam, vy © 4%. (377) 
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the Mollier diagram may be used to advantage. 


calculated from equation (308) by substituting for p the final press 
and for 7’, the final temperature as calculated from equation (373). 


chart. 
External Work. — Since the heat added or subtracted is zero, 
external work is equal to the change of intrinsic energy, or in general 


W= 5 (Gh — APw) — (A, — AP2,)). (378 


Steam initially wet 
1 
W= A [(wip1 + qi) — (Xop2 + q)]. 


Steam initially dry, substitute 7, = 1. 
Steam initially superheated but wet at end of expansion 


= 1 (Uy — AP wn!) — (em + 9} ( 


Steam initially superheated but dry at end of expansion substiti 
y= 1. 
Steam superheated throughout expansion 


w = 1 (Gn — APwy) — Hy - AP») 


Heat absorbed = Hy, — Hz. 
Steam initially wet 


Hy — Hz = (ari + m1) — (aera + @). 
a as calculated from equation (374). 
Steam initially dry, substitute a = 1. 
Steam initially superheated but wet at end of expansion 
Hy — H2 = Hy’ — (aere + @). 
Steam superheated throughout expansion, heat absorbed 
Hy — Hy. 


Example 101.— One pound of steam at initial pressure 115 It 
sq. in. absolute and superheat 100 deg. fahr. expands adiabatieg 










Superheated Steam. — For superheat at the end of expansion the caleu- 
lations involved in equation (373) are too cumbersome and unwieldy and 


Volume Change. —Superheated steam: the final volume »/ may be 


final volume, however, may be taken directly from the pressure-entropy 
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1 Ib. per sq. in. absolute. Required the various quantities at the final 
condition. ; 

Solution. — From superheated steam tables for p: = 115 and t' » 438.1 
= (338.1 + 100) we find: Hy! = 1248, v1)’ = 4.51, Ni’ = 1.6549, 

From saturated steam tables: p: = 1, s = 333, q = 69.8, Hy = 1104.4, 
7, = 1034.6, p2 = 972.9, ne = 1.8427, 0 = 0.1327, o2 = .0016, 
% 4 Ny’ —_ 0 
Final quality: aaa a 

1.6549 — 0.1827 
1.8427 


Mollier diagram analysis, Fig. 687: Trace the intersection of pi: = 115 
and t;' = 438.1 vertically downward (constant entropy) to the line p2, = 1 
and read 0.826 at the intersection of this line with the constant quality 


line (interpolated in this case). 
Final volume: V2 = A2Ue + o2 
= 0.826 X 333 + 0.016 
= 275 cu. ft. 


(This quantity may be taken directly from the total heat pressure 
diagram.) 


= 0.826. 


External work: W = Sl — AP’) — (ap2 + @)], 


144 x 115 


778 4.51) — (0.826 X 972.9 + 69.8)] 


= 778 [(1243.1 — 
= 213,938 ft. lb. 


Heat absorbed from the fluid 


A, — (xer2 + qe) 
1243.1 — (0.826 X 1034.6 + 69.8) = 318.8 B.t.u. 


Mollier diagram, Fig. 687: Project the intersection of p: = 115 and 
i,’ = 438.1 upon the Y axis and read Hy,’ = 1248. Similarly the pro- 
jection of the intersection of p, = 1 and 22 = 0.826 gives Hz = 924.3, 
Hy! — He = 1243 — 924.3 = 318.7 B.t.u. 


393. Polytropic Change of State. — A general law for the expansion of 
any vapor (wet, dry, or superheated) is 


pu" = constant, (385) 

pir? = pov", (386) 
Bi); 

= 0,(—]n- 387 

Ve (2 a ( ) 


By giving n special values we are able to obtain the various changes 
of state for constant volume, constant pressure, isothermal and adiabatic, 


— ee 
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The work done by expansion for all values of n, except n = 1, mayb 
expressed " 
2 
W = f Pav - 
1 
me Pw, — P. 202 
n—-1 
2 
For n = 1, w= [Pa 
1 


V2 
= Py, log.—- 
VY 


Saturated Steam. — Since with wet or saturated steam there can 
no change of pressure without a change of temperature, the value 
n will vary with every change of state and for this reason the 
equations (385) and (388) are more troublesome than the preced 
thermal analysis. An exception is that of “saturated expansion ” 
which steam remains saturated throughout change of state. A st 
of the actual volume occupied by a pound of dry steam at various pr 
sures will show that n has an approximately constant value of 1.0646 


piu! = constant, (30) 
u=s—o. (Except for high pressures the 
influence of o is negligible and u = 8 

may be safely assumed.) 


This condition of constant saturation during expansion seldom 0¢ 
in steam engine practice but equation (392) offers the only simple solut 
of problems involving work done by such a change of state. 


Example 102.— One pound of steam at an initial pressure of 115 
per sq. in. absolute expands to a pressure of 2 lb. absolute and ! 
a saturated condition throughout expansion. Required the final voli 
and the work done during expansion. 


Solution. — From equations (386) and (392) 


1 
Pi 
115 


1 
(3.88 — 0.018) (5°) sa 


= 173.6 cubic feet. 2 
This value checks with that 
from steam tables. 


U2 
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Work done W= Put — Pate 
144 (115 X 3.862 — 2 X 173.6) 
1.0646 — 1 m 916,000. 


Wet Steam. Actual Expansion. — The values of n for the expansion 
and compression curves of indicator diagrams from actual engines are 
subject to a wide variation. A study of several types and sizes of engines 
by J. Paul Clayton! gave values of n varying from 0.7 for wet steam to 
1.34 for highly superheated steam. The average value of n is, however, 
not far from 1. That n = 1 for isothermal gas expansion and the average 
actual steam cylinder expansion is a mere coincidence and does not signify 
that the expansion in the latter is isothermal. See Conventional Dia- 
gram, par. 399. 

Example 103. — One pound of saturated steam at an initial pressure of 


115 Ib. per sq. in. absolute expands so that its volume has been increased 
5 times. Required the work done during expansion.’ 


Solution. — W= Pin log. = 


1 
= 144 < 115 X 3.88 log, 4, 
= 103,200 ft. Ib. 


Wet Steam. Adiabatic Expansion. — The ease with which problems 
involving adiabatic expansion of vapor or moderately superheated steam 
can be solved by exact thermal analysis precludes the use of the more 
troublesome polytropic expansion law. A number of attempts have been 
made to derive laws which will give the value of n for adiabatic expansion 
of saturated or wet steam but their accuracy is limited to a comparatively 
narrow range of pressures and quality. A rule formulated by H. E. Stone® 
and often used in this connection is: 


n = 1.059 — 0.000315 p + (0.0706 + 0.000376 p) x. (393) 

Example 104.— One pound of steam expands adiabatically from an 
initial pressure of 115 Ib. per sq. in. and quality 0.9 to a pressure of 1 Ib. 
absolute. Required the final volume and the work done during expansion 
by exact thermal methods and by the polytropic law using equation (393) 
for determining the value of n. 


Solution. — From steam tables: 


rm = 115, qr = 309, pr = 797.9, 01 = 0.4877, m = 1.108, m1 = 3.88, 


mm = 1, qe = 69.8, py = 972.9, Oy = 0.1327, me = 1.8427, m = 333. 
1 University of Illinois Bulletin, Vol. 9, No. 26, 1915. 
* Assuming ne 1, 
* University of Illinois Bulletin, Vol. 9, No. 26, p. 79. 
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Exact thermal methods: 
a _ tim + 0, — b2 


mM. 
ad 0.9 X 1.108 + 0.4877 — 0.1327 


1.8427 
= 0.731. 
V2 = UyUn + o2 
= (0.781 (833 — 0.016) + 0.016 
= 247.7 cu. ft. 


W= Flaps + G1) — (W2p2 + @)] 


= 778 [(0.9 X 797.9 + 309) — (0.731 X 972.9 + 69.8)] 
= 191,571 ft-lb. 







Polytropic law: 


1.059 — 0.000315 X 115 + (0.0706 + 0.000376 x 115) 

1.125. (From Equation 393). 

1.= tt + o1 = 0.9 X (8.88 — 0.016) + 0.016 
= 3.5 cubic feet. 


n 


p22". 
1X dyl-125, 


pw = 
115 XK 3.511% = 
= 235.6 cu. ft. 


V2 
W ta Py, eer, Prove 
n-1 
_ 144 (115 X 3.5 — 1 X 235.6) 
1.125 — 1 
= 192,268 ft.-lb. 


The value of n which will give the same work during expansion 
_ ing to the polytropic law as the exact thermal analysis, for the condi 
specified in the problem, may be determined as follows: ' 


w a= Pit — Por 
n-l 
191,571 a HAE OB 2 eae 
n = 1.11. 


This value of n is an average only since the true value variés at diff 
points along the expansion line. This may be shown by plotting the 
adiabatic expansion line on logarithmic cross-section paper. See par, 

Superheated Steam. Isothermal Expansion.—For steam so 
superheated that it does not approach the wet state at any point 
the change of state, n = 1, and the exponential law offers the only 
solution for the work done ‘during expansion. This case has been 
in par. 390. 

Superheated Steam. Adiabatic Expansion. —The work done — 
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adiabatic expansion may be approximated from the polytropic law by 
making n = 1.3. Goodenough gives the following as more accurate 
than the simple law pv® = constant. 


p (v’ + 0.088)!*! = constant. (394) 

Example 105.— Steam at 60 lb. per sq. in. absolute pressure and 
initially superheated to 300 deg. fahr. expands to a pressure of 15 lb. 
absolute. Required the final volume and work done according to the 
polytropic law. 


Solution. — From superheated steam tables for p: = 60 and superheat 
of 300 deg. fahr. 


vy! 


0.41 
60 (10.41 + 0.088)" = 15 (v.’ + 0.088)!1, 
ve’ = 30.2. 


Thermal analysis gives v’ = 30. 
W= P, (vy’ + 0.088) + Pe (ve’ + 0.088) 


n—1l 
_ 144 (60 X 10.5 + 15 X 30.1) 
wf 131-1 
= 83,000 approx. 


Thermal analysis gives W = 78,800. 
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q = heat of liquid, B.t.u. per lb. Subscripts 1, 2, w, 8 indicate, respec- 
6 = entropy of the liquid. tively, initial condition, final condi- 
n = entropy of the vapor. tion, wet steam, and superheated 
N = total entropy. ’ steam. 


Prime marks indicate superheat. 


The diagram in Fig. 688 represents the pressure-volume action of an 
ideal steam engine operating in the Carnot cycle. For simplicity assume 
the cylinder to be 1 sq. ft. in area, to contain unit weight of water and to 
have a piston displacement equivalent to 1 lb. of saturated steam at the 
existing back pressure. At the beginning of the stroke 0, the non-con- 
ducting cylinder contains water at tem- 
perature 7; corresponding to pressure 
P;. Heat is added to the liquid until 
vaporization is complete, the move- 
ment of the frictionless piston being 
such that the pressure and therefore 
the temperature is constant, that is, 
expansion from 0 to J is isothermal. i iy 
The source of heat is now removed yo ggg py Diagram for Perfect 
and the piston is forced from 1 to 2 Engine Operating in the Carnot 
by the expansion of the steam. Since Cycle. 
the cylinder is non-conducting and 
there is no reception or rejection of heat, the expansion from J to 
2 is adiabatic. From 2 to 3 heat is abstracted from the steam at such 
a rate that the temperature and hence the pressure remains constant, 
that is, the steam is compressed isothermally. At 3 the heat ab- 
straction is terminated and the mixture of vapor and liquid is compressed 
adiabatically to the initial temperature and pressure 71. The location of 
point 3 is such that water only at temperature 7, will be present at the 
end of compression. This assumption that there is only water at 0 and 
saturated steam at 1 is not necessary, and any degree of wetness or super- 
heat may be assumed since it in no way affects the efficiency. 

The net work per cycle is represented by the shaded area 0123. 


Area 0123 = area Olfd + area 12gf — area 32ge — area d08e (895) 


CHAPTER XXIII. — SupplrementTary 
ELEMENTARY THERMODYNAMICS OF THE STEAM ENGINE 




















394. General. — The recent marked improvement in the heat econor 
of the piston engine is largely due to a better understanding of the the 
modynamic principles involved in its operation. Once the engine 
been constructed, no amount of attention or mechanical adjustment 
appreciably affect the economy since the heat efficiency is primarily 
function of the design. It is not the object of this chapter to analy 
the various thermodynamic laws underlying the design and operation 
the piston engine but rather to show their application to the exist 
types of steam prime movers. In developing an engine with a viey 
bettering the performance, a knowledge of the theoretical limitation 
the particular type under consideration is necessary. With this limit 
a guide, the degree of perfection of the actual mechanism is readily age 
tained by comparing test results with those theoretically obtai 
Complete conversion of the heat supplied into useful work is impo 
for even the perfect or ideal engine; hence some other.standard than 
heat supplied is desirable for comparison. There are several ideal ¢ 
which simulate to a certain extent the action of steam in the real en 
The more important of these will be treated in detail. 

395. Carnot Cycle. — The Carnot cycle gives the highest possible | 
ciency for any type of heat and it would seem to be the most desir 
cycle for the steam engine; but, as will be shown later, there are p 
limitations which more than offset the thermodynamic advantage. N 
theless a study of this cycle is of importance in showing the abs¢ 
degree of perfection which can be realized theoretically. 





ah a. Area Olfd = Py = P; (8: — 01) = Pi. See equation (347). 
ype a p = Ib. per sq. in. abs. t= deg. fahr. above zero, 7 : 
778 ; : ahr. abs. Since no heat is added during expansion from / to 2, the internal work 
P = lb. per sq. ft. abs. x = quality of | cm = mean specific heat of water, P . Tie eee f 
wot steam, C = mean specific heat of sup is equal to the difference in intrinsic energy. See equation (379), hence: 


8 = specific volume of steam, cu. ft. steam. 
" Ib nay H = heat content above 32 dog, 


B.t.u. per lb. Area 12gf = [(p1 ++ qi) — (aap2 + «4 (896) 
» = total Sane. 0h ee aaa 3, 


r Ib. 
v = specific volume of vapor, cu. ft. 


r Ib. 
o = specific volume of water, cu. ft. 


per Ib. r = latent heat of vaporisatic 1 This is — 4 diagram for the complete power plant, involving engine, boiler, 
= increase i 1 duri pora- , j condenser, food pump, ete,, and not an indieator card of the eylinder, 
" aren 98 ft. en Sore p= internal latent heat, B.t.u, 7 : P P : y 
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Area 32ge = Pov3 = Prove — Prvs. W= Heat equivalent of 1 hp-hr. (401) 
‘ Heat absorbed per lb. of fluid 
But Wy = We + o2 (see equation (310)) 

Bae + =. 402) 
ae — ~ 11 — Ta (2 — as) ( 
Substituting these values in equation (397) Efficiency: 

Area 32ge = Potet, — Potzte _ Heat absorbed (408) 
= Poup (2 — 2). Heat supplied 

Since no heat is added during compression from 3 to 0 and there & fu rs (ea = a) ; (404) 
only liquid at 0 the external work done on the steam is equal to the iner be 1 
in intrinsic energy, or But 12 (2 — %3) = 7 m1, see equation (368). (405) 

1 
Area d08e = [qi — (asp: + @)] 7 - 2 
sal 5 gle 8 hectic 
All of these factors with the exception of x2 and x; may be obtai Therefore E= arn = a (406) 


directly from the steam tables. 22 and x; may be calculated from equa 
(374) or they may be taken directly from the temperature-entropy 
am. 
O Prom the above data the PV diagram may be readily plotted to 
In order to obtain the true contour of the expansion and compre 
lines, several intermediate points should be calculated and located on 
diagram. 
The area 0123 when correctly drawn should check with the cale 
work. Substituting the values of the different areas in equation (3 


we have 


which is independent of the nature of the working substance and dependent 
only on the range of temperature. 

The shaded area 0123, Fig. 689, represents the P-V relationship of Fig. 
688 plotted in the temperature-entropy diagram in which ordinates are 
absolute temperatures and abscissas increase of entropy. This diagram 
is useful in visualizing the thermal changes per stroke or cycle. Line ww 
represents the increase of entropy of the liquid 
above 32 deg. fahr. and ss the increase of entropy 
of the vapor. Both of these lines are readily 
constructed by plotting several values of @ and 
N as abscissas for corresponding values of 7 
as ordinates. These quantities may be taken 
directly from steam tables. O-1 therefore re- 
presents the isothermal expansion of the fluid 
from water at temperature 7; to dry steam at 
the same temperature. Since the entropy: is Ory 
constant for adiabatic expansion, /—2 represents 

F Z Fic. 689. Temperature-en- 
the expansion of the saturated fluid from tem- “jp; .. Paani 
oF ig py lagram, rerlec 
perature 7; to temperature 72. Similarly 2-3 Engine, Carnot Cycle. 
represents isothermal compression at tempera- 
ture 7’, and 3-0 adiabatic compression from temperature T; to the initial 
condition. If the various lines are drawn to scale 





r) 





7 1 
Net work per cycle = Pim + [(o1 + 1) — (@2p2 + %)IG — Poe (02 = 


Temperature 


— [q — (%ap2 + wl5 


ll 


§}-------—----* 
| Se eee 


Pym + 5 sey v4( Pate + #2) + (Pa a a). 
Entropy 
Heat absorbed in doing work 


= APyai + pi — rz (A Pots oi pz) + 2 (A Pots + pa), 
= APyu + pi — (2 — 2s) (A Poe + pr). 


From equation (325) APim + pi = 1 and APou2 + ps = 12. 


bsorbed 
Aa Sea i Heat supplied above 32 deg. fahr. = area m0/n. 


Area m01n = O-1 X T; - m7 = 1. 


Heat rejected above 82 deg. fahr, = area m82n, 
Area m82n = 8-8 X Ty = mT’, 


= 11 — 12 (a2 — 2%). 


The water rate or steam consumption per hp-hr. of the ideal 
working in this cycle is , 





sa " 4 
ee a ee ee eee ey ee ee ee ae 
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Heat absorbed = area 0123 = area mO1n — area m82n 
="n—- nN T 2. 
=%1-— 12 (Xe = 3). 
c2_ a0+01—be_ m+— & 
ce ce ¥ Ne ‘ 














Quality at end of expansion x2 = 


f Sl eer To > s 
Quality at beginning of compression x3 2 a rs 


For any degree of wetness at the beginning and end of isothe 
expansion, the point 0 will lie to the right of the intersection of ww 
T;, and the point 1 will lie to the left of the intersection of ss and 
The figure 0123, however, will always be a rectangle. 

If isothermal application of heat is continued during admission 
the fluid is superheated, the point 7 will still lie on the line a01 but 
the right of the vapor line ss. In order to maintain a constant tem’ 
ture of 7’, in the superheated zone, the pressure must be lowered ac 
ing to the law expressed by equation (308). Since superheat is sup 
in practice with gradually increasing temperature and not isothe 
the Carnot cycle is not a satisfactory standard for comparing e 
using superheated steam and hence this case will not be considered. 


Example 106.— Determine the heat absorbed, water rate and 
ciency of a perfect engine working in the Carnot cycle if the ey 
contains only water at the beginning of the cycle and saturated 
at cut off. Initial pressure 215 Ib. per sq. in. absolute; back p 
2 lb. absolute. Assume one pound of fluid per cycle. 


Solution. — From steam tables: 
pi = 215, h = 388, 1. = 2.138, q = 361.4, r: = 837.9, p = 754, 








6: = 0.5513, m = 0.9885, 1 = 0.0185, Ni = 1.5398 
Pr = 2, t, = 126.15, s = 173.5, @ = 94, r2 = 1021, ps = 956.7, 
62 = 0.1749, ne = 1.7481, o2 = 0.0162. 
Qualities: , 
2% = zero. 1 = unity. 
_ Mi = % _ 1.5398 — 0.1749 _ é 
OP aap in OT Lee 0.7833. (See equation (374 
_ 6 — 6 0.5513 — 0.1749 
x3 = Tp ae 0.216. 


Specific volumes: 
Vo = O11 = 0.0185. 
1.= 81 — 01; = 2.1388 — 0.0185 = 2.12. 
2 = X22 + o2 = 0.7833 X 173.5 = 135.9. (See note, equation 
03 ve — 04 = 135.9 — 37.58 = 98.37. a 
Us = Ue + o2 = 0.216 X 173.5 = 87.58. (See note, equation 
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Work: 


Admission: Py, = 144 X 215 & 2.12 
= 65,635 ft-lb. 


Expansion = ac + qi) — (xep2 + @)] 


778 [(754 + 361.4) — (0.7833 X 956.7 + 94)] 
211 616 ft-lb. 
Exhaust: Povg = 144 & 2 X 98.37 

= 28,350 ft-lb. 


Compression = a [qm — (asp2 + qz)] 


778 [361.4 — (0.216 X 956.7 + 94)], 
47,302 ft-lb. 

(65,635 + 211,616) — (28,350 + 47,302), 
201,599 ft-lb. 


Net work 


Heat: 
Equivalent of work done = 201,599 + 778 = 259.1 B.t.u. 
Supplied = 7; = 837.8 B.t.u. 


: 1260-1) bul 
Efficiency: EH, = 337.9 > 0.309 = 30.9 per cent. 
2546 
Water rate: W, = 359.1 = 9.83 lb. per hp-hr. 


Temperature-Entropy Diagram 


Heat equivalent of work done = m (Ti — Tz) = m (4 — &) 
= 0.9885 (388 — 126.15) 
= 259.0 B.t.u. , 


T, — Tz _ 261.85 + 

aes” Sig 0.309 = 30.9 per cent. 

While it is conceivable to build an engine which will simulate the true 
Carnot cycle it would be practically impossible to do so without intro- 
ducing evils which would more than counterbalance the thermodynamic 
advantage. The compression in the actual engine must not be confused 
with the adiabatic compression of the Carnot cycle, since the cushion 
steam involved in the operation of the former is but a fraction of the 
total fed to the cylinder and has but little influence on the thermodynamic 
action of the engine. 

A modification of the Carnot cycle, known as the regenerative steam- 
engine cycle and having the same efficiency as the Carnot cycle, has been 
simulated by a special type of Nordberg pumping engine. The engine 
is quadruple-expansion with four cylinders, three receivers and five feed- 
water heaters in series a, b, ¢, d, and e, The feedwater is taken from the 
hotwell and passed in succession through the various heaters: a receives 





Efficiency = 
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is drawn parallel to the water line 





‘opy 
Regenerative Steam Engine 
Cycle. 


Fig. 690. 


pressor! attained 73.7 per cent of 
the same temperature limits, an 
exceptional performance for this 
period. 

396. Rankine Cycle. Complete 
Expansion.” — This cycle has been 
adopted by the American Society 
of Mechanical Engineers and 
the British Institution of Civil 
Engineers as the standard for 
comparing the performance of all 
steam prime movers. It is of 
value not only in comparing the 


engines with turbines. 


1 Eng. News, May 4, 1899, p. 280. 


independently by both Clausius and 





its heat from the exhaust steam on its passage to the condenser; b receiv 
its heat from the low-pressure cylinder jacket; and c, d, and e, respectivel 
from the third, second, and first receivers. 


ively heating the feedwater. 
greater the number of steps the ne 
will the actual cycle approach the ideal. 


performances of steam engines with each other but also in com 
In an engine working according to the Ff 
cycle, steam is admitted at constant pressure, expanded adiabal 


2 This is often called the Clausius cycle since it was published simultar 
Rankin 
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Referring to Fig. 690, if 7 
ww the area O1c’c will equal the area 
the Carnot cycle 0123. The Nordbe 
engine approximates this cycle as i 
dicated by the broken lines. The 
pansion in the first stage correspon 
to 1-a, that in the second to ai-dp, a 
so on for each of the other stages. — 
represented by the area below a;-a’ 
abstracted from the first stage and 
used to raise the condition of the wa 
from bz’ to b:; heat corresponding 
the area below azae’ is withdrawn fi 
the second stage and is used to r% 
the condition of the water from bs to 
and so on for each stage. Thus h 
is abstracted by steps from the 
panding steam and is used for prog} 


The famous Nordberg 
the efficiency of the Carnot cye 


Y F) 
ty) 


ee lea 


LZ 
: » 
Volume 


Fig. 691. Indicator Card for Perfect My 
Working in the Rankine Cycle with 
plete Expansion. 
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the back pressure, and exhausted at that pressure. The engine has no 
clearance and there are no heat losses from friction, imperfect expansion, 

or otherwise, all the energy taken from the steam being converted into 

work. The diagram 0123, Fig. 691, represents the familiar indicator card : 
or pressure-volume diagram of the working fluid operating in this cycle. 
0-1 represents the admission of steam from the boilers at constant pressure 
P,; 1-2 is an adiabatic expansion to exhaust pressure P2; 2-3 exhaust 
at constant pressure P:; and 3-0 a practically constant volume pressure 
rise. 

For all conditions of steam: 


Work done during admission = area O/fd 

Work done during expansion = area /2gf 

Work done during exhaust = area 32gd 
Net work = area O1fd + area 12gf — area 32gd 

= area 0123 


Per pound of wet or saturated steam: 

Work done during admission = P; (xm + o1) ft-lb. 

Work done during expansion = 5 [(x1p1 + q1) — (aep2 + qe)] ft-lb. 
Work done during exhaust = Pe (x22 + o2) ft-lb. 


Net work = P; (tm + oi) + Flew + q1) 


— (xep2 + ge)] — Pe (aete + o2) ft-lb. (407) 
= an +m — (rere + q)* B.t.u. (408) 
= H, — Hz B.t.u. (409) 


Per pound of steam superheated at admission but wet or saturated 
at end of expansion: 


Py ft-lb. 

1 
(| iy’ ee, Pyv,’ ee A (Xep2 + qe) ft-lb. 
Pz: (x2u2 + o2) ft-lb. 


Pw’ +|(4 Ay — Pin’) - (eps + w)| 
—) Pe (aeUle + 2) ft-lb. 


Work done during admission 
Work done during expansion 
Work done during exhaust 


Net work 


= Ty’ “yd (Hope + q2,) — A P2(@2te2-+o2) B.t.u. 
= H,' — (292 + qe)” B.t.u. (410) 
m= 7)’ — Hy B.t.u. (411) 


* The quantitios Pio; and Pye) are negligible and have been omitted in this equation, 
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Per pound of steam superheated throughout admission and expansi 

Work done during admission = Py’ ft-lb. 
Work done during expansion = i Ay’ — Py’ — (4 He! — Prove )s 
Work done during exhaust = P20’ ft-lb. \ 
Net work = Py,’ + < (A! — H.’) — Pw + P. 


ee Popo! ft-lb. ( 
= Hy — He Bu. ( 


Calling H; and H,, the initial and final heat content for all conditic 
of steam, a general expression for the heat converted into work JZ. 


Ay = H;—-— Hy. 
‘Heat supplied H; above exhaust temperature t is 
Hi = H;- Qn- 
H;-— H, 


Efficiency #, = 


Hg Qn , 
Steam consumption or water rate, lb. per hp-hr., is 
2547 2547 ; 


We Tara Hy Nae 


The temperature-entropy diagrams for the conditions discussed 
are shown in Figs. 692 to 694. For saturated or wet steam it w 
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Entropy . 

Fig. 692. Temperature-entropy Dia- 
gram; Perfect Engine, Rankine 
Cycle with Complete Expansion. 
Steam Dry at Cut-off. 


Fig. 693. Temperature-entropy 
gram; Perfect Engine, Rankine 
for Wet Steam at Cut-off, 


noted that the admission line is an isothermal since a constant- 
expansion for saturated steam is also a constant-temperature 
superheated steam, however, the temperature increases with the 


eee eee fe a ee) 
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of superheat, the pressure remaining constant, and the relation between 
pressure and volume varies according to the law expressed in equation 
(308), that is, the location of point 1’, Fig. 694, is fixed by determining 
the entropy corresponding to pressure P; and temperature 7'’, This 
may be calculated from equation 
(348) or it may be taken directly 
from superheated steam tables. 

A study of equation (416) in con- 
nection with the Mollier diagram will 
show that 


(1) The Rankine cycle when using 
superheated steam has a lower theo- 
retical efficiency than that of the 
same cycle with saturated vapor 
having the same maximum tempera- 
ture. 

(2) The theoretical efficiency in- 
creases but slightly with the increase . 
in superheat, the maximum pressure Fia. 694. Temperature-entropy Diagram; 

aa ol “ Perfect Engine, Rankine Cycle for Steam 
remaining constant; see Table 60. s 4 : 
* i é uperheated throughout Expansion, 

(3) The theoretical efficiency in- 

creases rapidly with the increase in pressure range; see Table 56. 





0 Sf m 


Entropy 


The behavior of the actual engine under these conditions is discussed 
in paragraphs 183 and 186. 

A comparison of the Carnot and Rankine cycles shows a lower efficiency 
for the latter for the same operating conditions, as would be expected. 
The water rate for the Carnot cycle, however, is higher. This apparent 
anomaly is due to the fact that the heat supplied per pound of fluid is 
much larger in the Rankine than in the Carnot. Thus less weight of 


steam is used per hp-hr., but each pound receives more heat and this is 
used less efficiently. 


Example 107. — A perfect engine operating in the Rankine cycle with 
complete expansion takes steam at 115 lb. per sq. in. absolute pressure, 
quality 98, and exhausts against a back pressure of 1 lb. absolute. Re- 
quired the condition of the steam at end of expansion, the work done, 
efficiency, and water rate. 


Solution. — From steam tables: 


p~i = 115, 4 = 338.1, 1 = 879.8, q = 3809, 7, = 1188.8, 6 = 0.4877, 
m = 1,108, 


a= 1, a aout ry = 1034.6, g: = 60.8, 6, = 0.1827, 





i a alalaliali a al ee 
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Le = mf (See equation (374).) 
2 
ve 0.98 X 1.103 + 0.4877 — 0.13827 
1.8427 
= 0.779. 


Heat converted into work 


®iri + gi — (ere + ge) 
0.98 X 879.8 + 309 — (0.779 X 1034.6 + 69.8) 
1171.2 — 875.7 = 295.5 B.t.u. per lb. 


H; — He 

H; — @ 

te: 295.5 

~ 1171.2 — 69.8 
2546 

W, =! Hs 


2547 
= 5055 = 8.62 lb. per hp-hr. 















Efficiency 
= 0.268 = 26.8 per cent. 


Water rate = 


The initial and final heat content may be taken directly from the Mi 
diagram; as a matter of fact it is customary in practice to use the di 
except when extreme accuracy is necessary or when the given condi 
are beyond the range of the charts. P 

397. Rankine Cycle with Incomplete Expansion. — If expansion 
cut-off is not carried far enough to reduce the pressure to that 
back-pressure line as shown in’ 
695, the Rankine cycle more 
simulates the cycle of the 
engine. This cutting the “ 
off the diagram decreases the 
ciency, but permits of the use 
smaller cylinder. A compari 
the diagram in Fig. 691 with 
in Fig. 695 will show that the 
0123’ is of the same outline as ¢ 
Fia. 695. Indicator Card for Perfect En- 0128; consequently the work 

gine Working in the Rankine Cycle with would be that corresponding to 

Incomplete Expansion. plete expansion to pressure P, 

that represented by area 3’2’28 

If H, represents the heat content corresponding to complete ex 
to pressure P, the heat equivalent of the work done (area 012’8’) 
— H, B.t.u. per lb. ‘ 

Work corresponding t area 3’2’23 = (P, — P2) »v, ft-lb. per lb, 
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Hence, heat converted into work = H; — He. + A (Pe Pa) % 
Heat supplied is the same as for complete expansion ™ Him qe 


i A (P, — Paw 
Therefore efficiency E,'’ = Hen Het A (P= Pa (418) 
1 
2547 
————x———— ) 
Water rate W H,— H+ A (P. — Pa) % (419) 


For wet steam, v, = tlle + o¢ ™ US, (for all practical purposes). 
For dry steam, 0; = 8 — % 


For superheated steam, v, = Ue! = 


The temperature-entropy diagram differs from that for complete ex- 
pansion in the curtailment of lines 1-8’ and 3’-3 by constant-volume 


pressure drop 2’—2, Fig. 696. 


Example 108. — Same data and requirements 
as in preceding example except that release ab=- 
occurs at a pressure of 4 lb. absolute. 


Solution. — From steam tables: pi and p, as 
in preceding example, i 
Pe = 4, Tc = 1005.7, g¢ = 120.9, 0. = 0.2198, 3 
Ne = 1.6416, sv = 90.5, 
2 am + 4 — 4, 






TN 
Ae 
Tg 


a@}-—-------= 
- 2 


‘ N¢ 10) x 
p 0.98 x 1.1038 + 0.4877 o. 0.2198 Entropy 
x: 1.6416 ; Fic. 696. Temperature-en- 
thas : tropy Diagram; Perfect 
U, = B82 = 0.822 X 90.5 Engine, Rankine Cycle 
= 144. with Incomplete Expan- 
H, = xe + % sion. Steam Dry at Cut- 
= 0.822 X 1005.7 + 120.9 off. 


= 947.6. 
H; = 1171.2 (same as in preceding example). 
Ligh H,+A Cin P2) % 

id; "Qe 

1171.2 — 947.6 + #44 (4 — 1) 744 
Ba 1171.2 — 69.8 

1171.2 — 947.6 +41 264.6 
~—Vi7i2—698 11014 
= 0.24 = 24 per cent. 

2 


547 
Water rate = 5676 = 9.62 lb. per hp-hr. 


ll 


Efficiency 


398. Rankine Cycle with Rectangular PV-Diagram. — This cycle is 
the least efficient of all vapor cycles in practical use but represents the 
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action of the fluid in direct-acting steam pumps, direct-acting air cor 
pressors and engines taking steam full stroke. It may be looked upe 
as a limiting case of the Rankine cycle. From Fig. 697 it is appare 
that 


Work done = A (Pi — Po) 
B.t.u. (42 
tu +o =2 
(for most pt 
poses). 
For dry steam, v = s1 — o1. 

For superheated steam, v = 1’ 


For wet steam, v = 





= Gis 


Volume 


Heat received is the same as that in t 


Fia. 697, Rankine cycle 
= H;- Qn- 
Efficiency = errand E 
Water rate = Tho ‘ 
1 ay 2. 


Example 109.— A perfect direct-acting steam pump operating in | 
rectangular PV cycle takes steam at initial pressure 115 lb. per sq. 
absolute, quality 98 per cent and exhaust against a back pressure of 
Ib. absolute. Required the work done per lb. of fluid, efficiency 
the water rate. 


Solution. — From steam tables: 


Pi 15, 3 = 3.88, Ay, = 1188.8, 
5, Mn = Qe = 181.0. 
A (P; — Pe) x81 


bet 


P2 
Heat converted into work 


0.4 B.t.u 
Efficiency = oe = 0.07 approx. = 7 per 
1188.8 — 180 ; 
Water rate = poe = 36 lb. per hp-hr. 


399. Conventional Diagram. — In designing an engine it is ¢ 
to assume as a basis of reference an ideal cycle which considers only 
kinetic action of the steam in the cylinder. This permits of | 
without the use of steam tables. The expansion is assumed to be 
bolic because the equilateral hyperbola is readily constructed and 
expansion in the actual engine conforms approximately to the la 
= C (see paragraph 393). According to the 1915 A.S.M.E, © 
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ideal engine is assumed to have no clearance and no losses through wire- 
drawing during admission or release. The initial pressure is that of the 
boiler and the back pressure that of the atmosphere for a non-condensing 
engine, and of the condenser for a condensing engine. Such a diagram 
for a simple non-condensing engine is illustrated in Fig. 698. 0-1 repre- 





Fra. 698. 


sents admission at constant pressure P:, 1-2 represents hyperbolic ex- 
pansion from cut-off / to release at 2, and 2-3 represents exhaust at 
atmospheric pressure Pe. 

The work done is represented by the 


area 0123 = area Olfd + area 12gf — area 329d, 
area Olfd = Py, 
V2 


area 12gf = Pir loge (see paragraph 398), 
1 
area 32gd = Por. 
Therefore net work done 


W = Pan (1+ loge%;) — Pans, (423) 
letting 
a =r = ratio of expansion, 
W = Pw, (1 + log, r) — Pov. (424) 
Mean effective pressure P», = weal 
= FH + loger) — Px. (425) 


As the m.e.p. is generally used in pounds per square inch, dividing 
both members of the equation by 144 gives 


Pm = ©*(1 + loge r) ~ pa 


(426) 





980 STEAM POWER PLANT ENGINEERING 


Dmlan 


Theoretical maximum horsepower = 33,000’ 





















in which 

l = length of stroke, ft., 

a = area of piston, sq. in., 

n = number of working strokes. 


ll 












The ratio of the m.e.p. of the actual engine to that of the ideal dia ors 
as determined above is called the diagram factor. This factor is det 
mined by experiment and ranges as follows (Heat Power Enginee , 
Hirshfeld and Barnard, 1915, p. 325): ; 


Simple slide-valve engine 
Simple Corliss engine 


ee RN Ee OMT ER ee eee See 


NeNts ticore error rere aes 85 to 90“ 
Compound slide-valve engine......................... 55 to 80 “ 
Compound Corliss engine....................0.00. 0008 75 to 85 “ 
Triple-expansion engine... ............. 00. ce sees cece 55 to 70“ 


The probable mean effective pressure for the engine under consi 
ation is 


M.e.p. = pm X diagram factor. ' @ 
Example 110.— Determine the probable horsepower of a 12 inch 


12 inch simple engine, 250 r.p.m., initial pressure 120 Ib. per sq. in. 
lute, cut off } stroke, diagram factor 0.75. 


Solution.— Theoretical m.e.p. = 132 (1 + log. 4) — 15, 
= 56.53. 
Probable actual m.e.p. = 56.53 X 0.75 = 42.4. 


Probable i.hp. = uAy ae a an 
? 





400. Logarithmic Diagram. — It is a well-known fact that the eq 
of the polytropic curve Pv" = C becomes a straight line when plo 
on logarithmic cross-section paper and the slope of the line is the 
of n. Conversely, when the expansion or compression curve of an 
dicator becomes a straight line in the logarithmic diagram it shows 

the change of state is in accordance with the law Pu" = C0. The 
rithmic diagram derived from the indicator card is useful in an 
cylinder performance and gives valuable information which canne 
readily obtained otherwise. Thus it has been demonstrated! that 
logarithmic diagram is of great assistance in 


+ A New Analysis of the Cylinder Performance of Reciprocating Engines, 
Clayton, Univ. of Ill. Bull. No, 26, Vol. 9, May 6, 1912. 
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(1) Approximating clearance volume. 

(2) Locating the stroke positions of cyclic events. 

(3) Detecting leakage. 

(4) Approximating steam consumption. 

Construction of he Logarithmic Diagram. — If the clearance volume is 
given, the construction of the diagram is very simple. Draw the clear- 
ance line OY and the absolute pressure 
line OX on the indicator diagram 
as illustrated in Fig. 699. Locate 
points 1, 2, 3, etc. on the expansion 
line and tabulate the corresponding 
absolute, pressures and volumes. Tor 
example, the pressure corresponding 
to point 1 is P; and its value is the 
length of the line P; multiplied by 
the scale of the indicator spring. 
Similarly the volume corresponding to point / is v, and its value is the 
length of the line »; multiplied by constant m (= piston displacement 
per stroke in cu. ft. divided by the length of the card J measured in inches). 

Transfer these points to 

Y logarithmic cross-section 
paper as illustrated in Fig. 
2 | 700, using absolute pres- 
sures in lb. per sq. in. as 
| ordinates and cu. ft. as 
abscissas. Repeat the oper- 
—\/-—| ation for the compression 

curve and draw a smooth 
line through the various 





Fia. 699. 


















































Pressure— Pounds Absolute’ 


points. Theratio = (meas- 
| be 











oO ured in inches) will be the 
D value of m for the expansion 








J de 
x line and — =n for com- 
Volume -Cubic Feet of 


Fia. 700. Indicator Card — Logarithmic Diagram. pression. 

Approximating Clearance 
Volume. — If expansion and compression vary substantially according 
to the law Pv" = C the clearance volume may be approximated by 
trial and error, All that is necessary id to assume different values of 
clearance and to plot the logarithmic diagram for each assumed value 
until the expansion or compression curve is a straight line, 
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Locating the Stroke Position of Cyclic Events. — Except with a 
types of four-valve engines it is difficult and oftentimes impossible 
locate the points of cut-off, release, and compression from the indica‘ 
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Fie. 701. 
Corliss. 


diagram depart from straight lines. 
Approximating Steam Consumption. — According to Clayton (1) th 


is a definite relation 
existing between x, (qual- 
ity at cut-off) and n in 
any one cylinder which is 
practically independent of 
cut-off position. (2) This 
relation is practically in- 
dependent of cylinder size 
and of engine speed; it 
is therefore applicable to 
other cylinders of the 
same type. (3) By means 
of the experimentally de- 
termined relations of 2, 
and n, the value of 2, 
may be approximated 
from the average value of 
set of indicator diagrams 












n obtained from the expansion curves 
taken simultaneously; 
weight of steam present in one revolution may be ap 


Steam Mixture at|Cut-Off 














3 0.4 =0.5 0,6 0,70,80,91.0 
Absolute Volume - Cu. Ft. 


Logarithmic Diagrams — 12 by 24 


0 weight changes mate! 


This is clearly shown in Fig. 708 






























If there is | 
leakage the true i 
may be located on t 
logarithmic diagram 
noting when the expans 
and compresson ¢ 
become straight; see 
700. 

Detecting Leakage. —T 
law Pv" = C is applica 
only to cases where ~ 
weight of steam rem 
practically constant dur 
change of state. When 


diagram. 


as by leakage, the result 
expansion and compress 
lines on the logarithi 












| | | | oe 
Lt alae 
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Value of n from Expansion Onve 
Fic. 702. Relation of Quality and the Value 6 
















therefore the | 
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(4) The actual steam consumption may be obtained by this method 
from the indicator diagram to within an average of 4 per cent of 


test measurements. 
steam cylinders in good 
condition, exhausting at 
or near atmospheric pres- 
sure. In applying this 
method it is only neces- 
sary to determine 7 as 
previously outlined and 
find from the curve in 
Fig. 702 the correspond- 
ing value of x, When 
the quality of steam at 
cut-off is known, the 
weight of fluid per stroke 
can be readily calculated. 
It will be noted that the 
curve in Fig. 702 is only 
an average approximation 
and that there is a con- 
siderable range in the 


values of x, for a given value of n. 


These 


Absolute Pressure - Lbs, per Sq. In. 








statements apply strictly to non-jacketed 


























9 9 


knack Witenes ‘Cu, Ft. 


Fia. 703. Diagram from a 14-in. by 35-in. Corliss 


Engine, Showing Leakage at Beginning and End 
of Expansion and Compression. . 


By separating the points into 


groups of similar pressures and speeds, several lines coérdinating n and 


x, may be obtained and a greater accuracy is possible. 


For a complete 


discussion of this important subject consult Clayton’s paper. 
401. Temperature-Entropy Diagram. — If the actual indicator sands is 
transferred to the temperature-entropy chart the various heat exchanges 





Fia, 704. 


during expansion and compression 
may be seen at a glance. The 
area represented by the actual 
diagram, however, does not give 
the heat utilized in doing work, 
since the weight of steam is not 
constant throughout the |. cycle. 
From cut-off to release the weight 
is constant if there is no leakage, 
as is the case from beginning of 


compression to admission, but. the weights involved in each case are 


not the same. 


Therefore, only the expansion line shows the true 


behavior of all the steam used per cycle and the rest of the diagram 
is more or less conventional, The transfer of the pressure-volume 
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to the temperature-entropy diagram is best illustrated by a spec 
example. 


Example 111.— Curve 0123, Fig. 704, is an average indicator ¢ 
taken from a 12 X 12 engine running at 300 r.p.m.; clearance vol 
10 per cent; steam consumption by tests 2700 Ib. per hr. Transfer t 
indicator card to temperature-entropy chart. 


Solution. — Locate the zero clearance line OY and zero pressure 

OX, and measure the diagram as indicated. The piston displacement 
2 : 

stroke = eee 0.785 cu. ft. 


144 x 4 
Compression volume = 0.785 ped = 0.314 cu. ft. 


Weight of ‘“ cushion steam ” on the assumption that the steam is | 
at the beginning of compression 


= 0.314 X 0.0498 = 0.0156 lb. 


(0.0498 = wt. of 1 cu. ft. of steam at 20 Ib. abs. pressure.) 
Weight of steam used per stroke or “ cylinder feed ” 
_ 2700 
~ 600 X 60 


Total weight of steam expanding = 0.075 + 0.0156 = 0.09 lb. 
Lay off saturation line mm. This line represents the volume of 0 
lb. of saturated steam for the various pressures within the range of. 
diagram. 


= 0.075 Ib. 


Draw several pressure lines such as abc and tabulate the ratio® ' 


tao gives the quality of the steam at point b in the expansion @ 
ab as 
acs ‘ 
after cut-off and that it is simply a ratio for other parts of the @ 
Tabulate also the absolute temperature 
responding to the pressure under considera 
Next construct the water and sat 
curves ww and ss, respectively, as illust 
in Fig. 705. This may be done conven 
by using absolute temperatures and en 
of water and vapor given in steam 
the entropies being multiplied by 0.09, 
point b’ on the corresponding temperat 


in such a position that rates 22 = ab nt 
ae ae 


x from the indicator card. The locus of 
point 6b’ will be the desired diagram 
thermal action during actual expar 

apparent from the diagram; thus it will be seen by inspection th 

steam is wet at cut-off, that condensation takes place from 


Note that 2 represents quality only during expan 





Fig. 705. 


a 
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more rapidly than if expansion were adiabatic, and that reévaporation 
takes place from b’ to 2. 

The foregoing analysis applies only to saturated or wet steam, In 
case of superheat the actual expansion will lie beyond the saturation 


E . aoe 
curve as illustrated in Fig. 706 and the ratio ad ae will not give the 


lity. To find the temperature corresponding to v’ multiply a, the 
aoakne volume of one pound of saturated steam at pressure P, by the 


ratio gp as measured from the diagram. From superheated steam tables 
ac 5 
or by means of equation (311) determine the temperature corresponding 
/ 
to volume s X 2 and pressure P, ‘To transfer the point 6 to the tempera- 
§ 


ture-entropy diagram draw the temperature line 7’ corresponding to that 
just determined and locate point 0’ i 
on this line such that cb’ = total Y / 8 
entropy for pressure P and tempera- 0 

ture 7’. The total entropy may be 
taken from superheated steam tables 





Fia. 706. Fia. 707. 


or it may be calculated from equation (342). For the problem under 
coneilaiaalel the entropy thus obtained must be multiplied by 0.09, the 
weight of fluid expanding per cycle. The locus of the point b’ will be the 
desired diagram. 


402. Steam Accounted for by Indicator Diagrams at Points near Cut- 
off and Release. — The steam accounted for, expressed in pounds per 
i.hp. per hour, may readily be found by using the equation 


13,750 (¢ 4 EB) W, — (H + E) Wil, 


(429) 
m.e.p. 


in which 
m.e.p. = mean effective pressure, : 
C = proportion of direct stroke completed at points on expansion 
line near cut-off or release, 
E = proportion of clearance, 


2 -———————<<_s = 
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Hie proportion of return stroke uncompleted at point on co 
pression line just after exhaust closure. 
W, = weight of 1 cu. ft. steam at pressure shown at cut-off or 
lease point, 


W;, = weight of 1 cu. ft. steam at pressure shown at compressié 
point, ° 






























dicta . 4 cut-off, release and compression referred to are ii 
; In multiple expansion engines the mean effective pressure to be 
in the above formula is the aggregate m.e.p. referred to the cylin 
under consideration. In a compound engine the aggregate m o : 
the h-p. cylinder is the sum of the actual m.e.p. of the h-p. ¢ linden | 
that of the l-p. cylinder multiplied by the cylinder ratio. "Likewise 
aggregate m.e.p. for the I-p. cylin 
is the sum of the actual m.e.p, 
the I-p. cylinder and the m.e.p. of 
h-p. cylinder divided by the cyli 
ratio. 

TIS The relation between the weight 
Fia. 708. Points where “Steam Ac- ping kp or et indica 
counted for by Indicator” is Com- any Point in the expansion ling 
ated. “i weight of the mixture of st 
and water in i 
represented graphically by plotting on the diagram so pe 
curve showing the total consumption per stroke (including steam re 
tf compression) and comparing the abscissas of the curve with 
cataga of the expansion line, both measured from the line of 
403. Reheating Cycle. — This cycle has been 
employed for years in compound engines in which a 
reheater-receiver is placed between the high- and 
low-pressure cylinders. In some of the new tur- 
bine projects it is proposed to superheat the 
exhaust from the high-pressure unit in an auxiliary 
superheater placed inside the boiler before dis- 
charging it into the low-pressure element. The ideal 
temperature-entropy diagram for single-stage reheat- Pt. 709. Sin 
ing is shown in Fig. 709. The portion of the curve Rehesting Gi 
0123 is the same as for the Rankine cycle. From 8 the steam ex 
adiabatically to 4. At 4 it is reheated at constant pressure to 
point 5, after which a second adiabatic expansion takes place fro . 





‘Compression 
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6. From 6 to 0 condensation of exhaust takes place at constant prosmure 
just as in the Rankine cycle. The work done by a pound of steam in 
expanding to the reheating point 4 is H; — H,, and in expanding from 
5 to 6 is Hs — He; the initial heat supplied is Hs — qo and that during 
the process of reheating from 4 to 6, Hy — Hs Total work dono = //, 
— H,+ Hs — He; total heat supplied = Hs — go + Hs — Hy, hence 


H; — W.+ Hy — He (4200) 


BiH, + Hy — 





in which 
H = heat content of the steam and q = heat content of the liquid 
B.t.u. per lb. above 32 deg. fahr. for the state indicated by the 


subscript. 


Example 112. — Calculate the efficiency of an ideal two-cylinder tur- 
bine, initial absolute pressure 600 Ib. gage, initial temperature 750 deg. 
fahr.; vacuum 1 in. abs., if the steam is exhausted from the high-pressure 
clement at 185 Ib. abs. pressure and is reheated to 750 deg. fahr. before 
passing into the low-pressure cylinder. 


Solution. — From steam tables H; at 600 Ib. and 750 deg. fahr. = 1878.7. 
From the Mollier diagram or by calculation, H,, the heat content after 
adiabatic expansion from initial condition to 185 Ib. pressure, is found 
to be 1247.6. From steam tables, He, heat content at 185 lb. pressure 
and 750 deg. temp., is 1401.1. From the Mollier diagram or by calcula- 
tion, H;, the heat content after adiabatic expansion from 185 Ib. pressure 
and 750 deg. temp. to a back pressure of 1 in. of mercury is found to be 
941.5. From steam tables, go, corresponding to 1 in. of mercury, is 47. 
Substituting these values in equation (429a) and solving 


1737.8 — 1247.6 + 1401.1 — 941.5 


E, = 7737.8 — 1247.6 + 1401.1 — 47 = 0.398 or 39.8 per cent. 
Figure 710 gives the temperature-entropy a 8 
diagram for the two-stage reheating cycle. 
A glance at the curves in Fig. 328 will 1 : 


show that there is an appreciable gain in 

the efficiency of the two-stage cycle over the 

one-stage, but beyond two stages very little 

gain may be effected. : fe . 
Reheating in Central Stations: Wohlenberg, Trans. pig. 710, Two-st: 

AS.M.E., Vol. 45, 1923. eh auabieae eae 


High Pressure Reheating and Regenerating for Steam 
Power Plants: Hirshfeld and Ellenwood, Trans, A.8.M.E., Vol. 45, 1923. 


The Benson super-pressure plant, while operating in the reheating 
cycle, differs from the conventional reheating plant in that steam is gener 
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ated at the critical point (pressure 3200 lb. abs., temperature 706 de 
fahr.), throttled to 1500 lb. abs., reheated to a temperature of abo 
788 deg. fahr., and then passed through a high-pressure turbine exhaustit 
at 200-lb. pressure, The exhaust is next reheated to about 662 deg. fah 
and then expanded in a standard turbine and condenser to a back p 
sure of 1-in. abs. The throttling process involves no heat loss and pe 
mits steam to be generated without boiling. This permits the use of sm 
tubes without steam drums or chambers. The maximum thermal e 
ciency of a unit operating under the conditions specified above’ is abo 
42.5 per cent, assuming the values for the properties of steam as gi 
in Marks and Davis’ Steam Tables. Calculations for efficiency are t 
same as in the single-stage reheating cycle, equation (429a). 
The Benson Super-pressure Plant: Power, May 22, 1923, p. 796; May 29, 1923, p. 


404. Regenerative Cycles. —In these cycles the condensate from 
prime mover is passed through a series of feedwater heaters, the heati 
medium in which is steam bled from different pressure stages of the f 
bine or engine. With an infinite number of heaters the feedwater cou 
be brought up to boiler temperature and the efficiency would be tha: 
the Carnot cycle, as shown in paragraph 395. This is true only for 
rated steam, since with superheated steam 
maximum theoretical temperature of the 
densate can never exceed that of sat 
steam corresponding to steam at initial 
throttle conditions and therefore the efficien 
will be less than that of the Carnot eyele, 
Figure 711 shows the temperature-en 
diagram of an ideal regenerative cycle 
infinite number of stages in which the msg 
temperature of the feedwater is taken as #) 
of the liquid at a pressure, corresponding to 
point in the expansion line where saturation beglt 
or in other words where superheat disappears. In this particular ¢ 
therefore, no superheated steam is bled. The line 01234 is the same aa 
the conventional Rankine cycle. Point 4 is the saturation point in 
expansion line and represents the initial bleeding point. If the steam ht 
and that remaining in the turbine are mixed together the line 44 
sents the condition of the mixture in passing from point 4 to the conder 
The line 50 represents the rejection of heat to the condenser. The 
is drawn parallel to 08 since the heat absorbed by the condensate 4 
equal to that absorbed from the bled steam c54d. The heat con 
work is represented by the area 012845 = area a0123d — aren al 


3 





X a b ; cd 
Fig. 711. 










Regenerative 
Cycle. 
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area 7846 (= area 0845), or, Hy — Hi + (Ts — To) (Na = 04). Tho not 
heat supplied = area 67812345c = H; — qs. Therefore the efficiency of 
the cycle is 


Eff. ep 


(420) 
in which 
H = heat content of the steam, q = heat content of the liquid, 
T = absolute temperature, N = total entropy, and @ = entropy 
of the liquid for the state indicated by the subscript. 


Example 113. — Calculate the thermal efficiency of a turbine working 
in the ideal regenerative cycle described above, if the conditions are as 
follows: Initial pressure, 600 lb. abs.; initial temperature, 750 deg. 
fahr.; back pressure, 1 in. mercury abs. 


Solution. — From steam tables, H; at 600 lb. abs. and 750 deg. fahr. 
= 1878.7 B.t.u. per lb.; Hy, the heat content after expanding adiabatic- 
ally from 3 to 4, is found from the Mollier diagram or by calculation 
to be 1187.3, corresponding to a pressure of 94 lb. abs. From steam 
tables, 7, = 323.3 + 460 = 783.3; Ty = 79 + 460 = 539; Ns at 600 lbs. 
and 750 deg. fahr. = 1.6094; 0) at 94 Ib. abs. = 0.4677; gq = 293.3; 
qo = 47. 


Substituting these values in equation (4290), and reducing, we have 


1378.7 — 1187.3 + (783.3 — 539) (1.6094 — 0.4677) 
5 1378.7 — 293.3 
or 43.3 per cent. 


Eff. 





= 0.433, 


Figure 712 shows the temperature-entropy diagram of an ideal re- 
generative cycle with infinite number of stages, in 

which the maximum temperature of the feedwater 
is taken as that of the liquid at throttle conditions, 
i.e, With steam initially superheated some of the 
bled steam will also be superheated. The equation 
for efficiency is the same as that of the preceding 2 
cycle; since the only difference lies in the point at 
which bleeding takes place. 














17 





Example 114.— Using the data in Example 113, 
calculate the efficiency of the turbine when working 
on the above cycle. 


Solution. — //,) = 1378.7, as previously deter- 
mined; //4, the heat content after peace. adiabatically from 3 to 
4@ Hy+ Ty (Nim Na). From steam tables Hy and Ny at 600 Ib, and 


--4 
| 
| 
| 
! 
I 
| 
| 

da 


1 
1 
I 
| 
| 
| 
| 
a b e 7 
Via. 712. Regenerative 
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saturation = 1199.8 and 1.4414, respectively; 7, = 486.5 + 460 = 946 
Ty) = 79 + 460 = 539; Ns = 1. 6094; 6) = 0.6679; qs = 468; qo = 47. 


Hy, = 1199.8 + 946.5 (1.6094 — 1.4414) = 1358.8. 
















Substituting these values in equation (429b) and reducing, we have 


1378.7 — 1358.8 + (946.5 — 539) (1.6094 — 0.6679) 


Eff. = 1378.7 — 468 


= 0.448, 
or 44.3 per cent. 


It is impractical, from a constructive and operative standpoint, to 
more than, say, three or four bleeding stages; therefore, the ideal ey 
previously analyzed are of purely academic value. It is a comparati 
simple matter to establish an ideal regenerative cycle for one or 
stages which can be closely paralleled in practice. The efficiency 
single-stage cycle is readily calculated as follows: 


Let Hi, = heat content at throttle conditions, B.t.u. per Ib. 
Hz = heat content of the steam at the extraction point, 
adiabatic expansion from throttle conditions. 
H,, = heat content of the steam at exhaust pressure 
expanding adiabatically from throttle conditions. 

w = weight of steam bled, Ib. per lb. of condensate. 
@, Gn = heat of the liquid at bleeder and exhaust pr 


respectively. 


Then, the work done by w lbs. of the bled steam = (Hi — H2)w 
w = (gz — dn) + (He — @). 

Work done per 1 lb. of condensate = Hi — Hy. 

Heat added to hs + w) lb. of steam = (1 + w) (Hi — q@). 


_ (Ai — An) +w (Mi — Ae) | 
MMMM CE AE Aes “ 
Example 115.— Using the data in Example 113, calculate the 


ciency of a single-stage bleeder turbine if the steam is bled at the 
abs. stage. 


Solution. — H, = 1378.7 as previously determined. He for an 
batic drop from 600 lb. abs. and 750 deg. fahr. to 25 lb. abs. = 1 
H,, for an adiabatic drop from 600 Ib. abs. and 750 deg. fahr, = 
From steam tables q = 208, g = 47. Then, w = (208 — 47) + 
— 208) = 0.182. Substituting these values in equation (429c) and 

(1378.7 — 864) + 0.182 (1378.7 — 1086) ny 
Cn jig 1.182 (1378.7 — 208) 04h 


Any number of stages may be analyzed in a similar manner. 
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This ideal efficiency cannot be realized in the actual single-bleeder 
stage turbine because of the turbine and generauae losses, and the preie 
sure drops and heat losses in the heater, 

A Study of Steam Power Plant Cycles: Wirshfeld and Ellenwood, Power Plant Magre., 
Dee. 15, 1923, p. 1244; Trans. A.S.M.H., Vol. 45, 1923. 

Economic Characteristics of Stage Feedwater Heating by Extraction: Brown and Drowry, 
Mech. Engrg., Mar., 1924, p. 118; Trans, A.S.M.W., Vol. 45, 1923. 

Feedwater Heating for High Thermal Efficiency: Helander, Trans, A.S.M.B., Vol, 
44, 1923, p. 1055. 

The Commercial Economy of High Pressure and High Superheat in the Central Station: 
Orrok, Trans. A.S.M.E., Vol 44, 1922, p. 1119. 

The Increase in Thermal Efficiency Due to Reswperheating in Steam Turbines: Blowney 
and Warren, Trans. A.S.M.E., Vol. 46, 1924. 

405. Combined Reheater-Regenerative Cycle. — In some of the latest 
turbine projects it is proposed to use multi-cylinder turbines with reheating 
between cylinders and bleeding in the low-pressure cylinder. The thermal 
efficiency may be calculated by taking each step in the cycle and analyzing 
as outlined above. 

The 50,000-kw. Parson turbine at the Crawford Avenue Station of the 
Commonwealth Edison Co., Chicago, IIl., is a-notable example of the com- 
bined reheater-regenerative cycle. The turbine is a 3-cylinder unit and 
operates as follows: steam is generated at 600 lb. gage pressure, tempera- 
ture 750 deg. fahr. and is supplied to the high pressure unit at a pressure 
of 550 lb. gage. It leaves the high-pressure cylinder at a pressure of 100 
Ib. gage and is reheated to 700 deg. fahr. before entering the intermediate 
cylinder. After leaving the latter at a pressure of 2 lb. gage, it enters the 
low-pressure cylinder and is exhausted into the condenser at a vacuum of 
29.25 in. of Hg. About 22 per cent of the total heat entering the turbine 
is extracted at three points and raises the temperature of the feedwater 
from 65 to 315 deg. fahr. A heat consumption of 10,265 B.t.u. per kw-hr. 
is expected, corresponding to a thermal efficiency (steam to electricity) of 
33.2 per cent. 
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TABLE 138. 
PROPERTIES OF SATURATED AIR. (Barometer 20,021,) 
Mixture of Air Saturated with Water Vapor, 













Weight of 1000 Ou, Ib, Lb, 











Hlastic I 
Tempera-| Weight of | Volume of Fy & oy Mghed ah ec geet 
ture, De- — o Ee Ope Mayet Vapor, In, | in the Mixture, Weight of | w, eight ol wi? \ 
fanr. Pounds. | Cu. Ft. & 1 Tn. of Mor- the Dry Wels et 
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PROPERTIES OF AIR. — DRY, SATURATED, AND PARTIALLY SATURA’ 1 2 6 
406. General. — Tables and charts giving the simultaneous ph M oa 
and thermal properties of dry and saturated air for various temperat 20 0.108 
are of great assistance in solving problems relative to the design 4 oan 
performance of evaporative surface condensers, water-cooling app f 
: Peay : : : 35 0.208 
and air-conditioning devices. Table 138 gives the properties of dry 40 0.248 
saturated air for various temperatures ranging from 0 to 212 deg. f 45 0.300 





and Figs. 713 and 714 give a complete psychrometric chart for all 
ditions of dry, saturated, and partially saturated air within a tempe 
range of 20 to 350 deg. fahr. These charts are extremely useful in ave 
ing laborious calculations. 

407. Dry Air. — The physical and thermal properties of dry air as 
in these tables and charts are based on the following laws established 
the latest experiments with gases and vapors: 


Puv a 
T. 
Coa = 0.2411 + 0.0000045 (t: + &), 
H, = Cba (2 — hi), 





= constant = 0.754, 


in which 








‘. 
I 


absolute pressure of the dry air, in. of mercury, 
V, = volume of 1 lb. of dry air, cu. ft., 

T,, = absolute temperature of the air, deg. fahr., 

Cya = mean specific heat of air at constant pressure betweer tem 

tures ¢, and &, 

H, = heat content, B.t.u. per lb. of air above temperature ty, 
t, = initial temperature, deg. fahr., 

final temperature, deg. fahr. 





s 
ll 


A sample calculation of the properties of dry air as listed in 
138 is given in Example 116, 


Example 116.— Required the specific volume and density of 
at 100 deg. fahr. under standard atmospheric pressure (= 29. 
Required also the heat content per above 0 deg. fahr, 





a ee ee ae ee ee ee ee ee 
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TABLE 138. — Continued Solution. — From equation (430), 

29.92 X Vo _ yx, 

100 + 459.6 es 


Weight of Vol Latent Heat of 

Tempera- | Water Neces- olume of One Heat Gontaut |v, ni Heat Content of 

ture, De- | sary to Satu | Pound of Dry Air per Pound of Lb. ol Dry Ale One Lb. of Dry 
Dey Ag 


ys ++ Vapor to Satu- A Air Saturated wit) 
gree: Fahr. | rate 100 Lb. of rate it, Cubic Feet. | P®¥ Air, B.t.u.| Saturated with urated with 


V, = 14.11 cu. ft. per lb. 
Deiat aii = 0,071 Ib. per cu. ff 


Vapor, B.t.u. 








Dry Air, Vapor, B.t.u. 
0 0.078 11.59 0.000 0.964 0.964 From equation (431), 5 (04 100) = 024i 
: 11.86 2.411 1.608 4.019 = 0. 000004. = 0. 
20 0.214 12.13 4.823 2.623 7.446 Co = Te al , 
12.41 7.234 4.195 11.429 and from equation (432), 
32 0.378 12.47 7.716 4.058 : 
7 H, = 0.2416 (100 — 0) = 24.16 B.t.u. per Ib. 
a 4 bg 8.44 4.57 13.02 
45 0.632 iene ao “3 ae 408. Saturated Air. — Water, if placed in a vacuum chamber, will 
50 0.764 13.00 12.07 8.12 20.19 evaporate until the pressure in the chamber has reached that of vapor 
55 0.920 13.13 13.28 9.76 23.04 : If th is intro- 
corresponding to the temperature of the water. the water is intro 
e i: Tae 2 14. 48 11.69 26.18 duced into a chamber containing dry air the evaporation will proceed 
65 1.323 13.50 15 09 13.96 0.65 precisely the same as in the vacuum until the pressure has risen by an 
“te 1.578 13.69 16.90 16.61 33.51 amount corresponding to the vapor pressure for the temperature. In 
1.692 13.76 17.38 17.79 35.17 this case, according to Dalton’s law (paragraph 216) each substance 
75 1.877 13.88 18.11 19.71 37.81 will exert the pressure it would if alone occupying the volume, and the 
80 2.226 ; : i 
85 2.634 43 2083 27 i 48.04 final pressure will be the sum of that of the vapor and that of the air. 
90 3.109 14.55 21.74 32.39 54.13 Air is said to be saturated with moisture when it contains the saturated 
sabia nie A288 0 a vapor of water. It might be better to say that the space is saturated 
4.305 15.08 24.16 44.63 68.79 since the presence of air has no effect on the vapor (the temperatures 
3.93 18.73 36. 38 ei ay 00 being the same) other than that the air retards the diffusion of water 
6.94 16.10 27.79 71.40 99.10 particles. Perfectly dry air does not exist in nature since evaporation 
ae 1¢-98 ae 3. 112.37 of water from the earth’s surface causes the atmosphere to be more or 
eas re 30.21 97.33 127.54 less diluted with vapor. 
13 05 18.13 3263 132-71 188 o The weight of saturated water vapor per cubic foot depends only on 
15.32 18.84 33.85 155.37 189,22 the temperature and not on the presence of air. 
sag —— lesa iw 2170 The various properties for air completely saturated with water vapor 
ae a 36.27 214.03 250.30 may be calculated by means of equations (430) to (482), and Dalton’s 
29.87 23.09 pe aoa rs a law, which may be expressed 
5 A 39.91 357.75 397.70 = 
43.24 26 . 84 41.12 431.20 472.30 faate = iP, 
ee | 2 | oe | ee | ae pr 1h dry rin the mist, 
651. 695 P,, = absolute pressure of the dry air in the mixture, in. of mercury, 
83.59 ; ‘ : 
109.80 ee ppt here yest ened rt P, = absolute pressure of saturated steam at the temperature of the 
191.00 56.20 47.20') (|... eidsle bull hare oa mixture, in., 
220.50 77.24 ee eee or P = total pressure, which for atmospheric conditions = 29.921. 
A! | I iE Pee: 4D G2" | cate aies ede toe 
hab > a vagte: wo 5) 1 ihe ated ole et ane 50.83 or eerenere eoeoeevens Therefore, 
20 cet a sbis) Hl 466s ile > el sentee 51.39 sheen e eee teen eee Pi =P — Py (434) 





ee ee a a Bet ee” .) Pi Pee , 








996 


P, may be taken directly from steam tables. 
From equation (480), 
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(4 








in which 
a = volume of 1 lb. of dry air (plus vapor to saturate) at pre 


P, and absolute temperature 7’,, 
V = volume of vapor in 1 Ib. of dry air when saturated, cu. ft. 


, 1 
Evidently bats iJ 
in which 

W, = weight of dry air in 1 cu. ft. of saturated mixture. 


The weight, w,, of vapor in 1 cu. ft. of saturated mixture is the de 
of saturated vapor at. pressure P, and temperature 7,. This may 
taken directly from steam tables. 

Total weight of mixture per cu. ft. = w, + w,. 

The weight, w,’, of vapor necessary to saturate 1 Ib. of dry air, 


, 
We = Vw, = Vary. ( 


Heat content H’, or total heat in a mixture of 1 lb. of dry air 
rated with water vapor, measured above 0 deg. fahr., and not inel 
the heat of liquid, is 


H!’ = C hata = TyWy y 

in which 
t, = temperature of the mixture, deg. fahr., 
7r, = latent heat of saturated vapor at temperature ¢, and-pressure P, 


An application of these formulas to the calculation of the ¥ 
quantities in Table 138 for a temperature of 100 deg. fahr. is given 
Example 117. 


Example 117. — Required the following properties of atmospherie 
completely saturated with water vapor when the temperature of 
mixture is 100 deg. fahr.: Elastic force or pressure of the vapor 
the dry air in the mixture, volume of 1 Ib. of dry air plus vapor to sat 
it, weight of dry air and vapor in 1000 cu. ft. of mixture, weight of 
necessary to saturate 100 lb. of dry air, latent heat of the vapor 
of 1 Ib. of mixture and the heat content of 1 lb. of dry air saturated 
vapor. 


PROPPRTIES OF ATR. 
Solution. — Pressure of vapor in the mixture: 
P, = 1.981 in, (from steam tables), 


Pressure of dry air in the mixture: 


pe =P— P, 
= 29,021 — 1.081 = 27.99 in. 


Volume of 1 Ib. of dry air saturated with vapor: 


Vie 0.754 Tq 
a a "Pe 
0.754 (100 + 459.6) 
= OLS Loar 15.08 cu. ft. 
Weight of dry air in 1000 cu. ft. of saturated mixture: 
1 1 
We = Vv. = 75.08 = 0.06634 lb. per cu. ft. 


1000 wa = 1000 X 0.06634 = 66.34 lb. 


Weight of water vapor in 1000 cu. ft. of mixture: 
w, = 0.002855 lb. per cu. ft. (from steam tables), 
1000 w, = 1000 X 0.002855 = 2.855 lb. 
Total weight of 1000 cu. ft. of mixture: 
= 66.34 + 2.855 = 69.19+ lb. 


Weight of vapor necessary to saturate 100 Ib. of dry air: 
Wy = Vw, = Vay 
= 15.08 X 0.002855 = 0.04305 lb. per lb. of dry air 
= 0.04305 X 100 = 4.305 lb.. per 100 Ib. of dry air. 
Total heat of the dry air content, above 0 deg. fahr.: 
Hy = Ca (100 — 0) 
= 0.2416 X 100 = 24.16 B.t.u. per lb. 
Latent heat of the vapor content: 
TW, = 1036.6 X 0.04305 = 44.63 B.t.u. 


Total heat of 1 lb. of dry air saturated with vapor: 


A, = H,+ ryw,, 
= 24.16 + 44.63 = 68.79 B.t.u. 


409. Partially Saturated Air. — As previously stated, air is said to be 
saturated with moisture when it contains the saturated vapor of water. 
In this condition the weight of vapor per cu. ft. corresponds to the density 
of saturated steam at the temperature of the mixture. If the body of 
air contains only a fraction of the weight of vapor corresponding to satu- 
ration it is said to be partially saturated and the fraction is called the 
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relative humidity. Partially saturated air in reality contains superhea 
vapor, since the temperature of the mixture, which is also that of 
vapor, is higher than that of saturated vapor corresponding to the act 
pressure of the vapor in the mixture. The water vapor in the atmosp 
is usually superheated. If a partially saturated mixture of air and wi 
vapor is cooled at constant pressure, the mixture tends to become more a 
more saturated until at a certain temperature called the dew point, e 
densation begins to take place. The pressure of saturated vapor Cor 
sponding to the dew point is substantially the same as the partial press 
of the superheated vapor in the original mixture. 
The relative humidity, or degree of saturation, is ordinarily ¢ : 
mined by an instrument called the psychrometer, which consists of 
thermometers suitably mounted, the bulb of one thermometer } 
covered by a close-fitting wick, which is kept moist, and the other b 
exposed directly to the air. There are two types in general use, 
“stationary,” and the “sling.” In the former the two thermom 
are suitably mounted and hung in the shade, and in the latter the 
whirled at a rate of about 200 r.p.m. The sling psychrometer 
more reliable results than the stationary device. The “ aspirati 
psychrometer is used when more accurate results are required. 
If the air is saturated, no evaporation takes place from the wet ) 
and the two thermometers read alike, but if it is only partially 
rated evaporation occurs and the readings of the wet-bulb thermom 
are lower than those of the dry. Experiment! has shown (1) that 
an insulated body of water is permitted to evaporate freely in the 
assumes the true wet-bulb temperature, (2) that the heat content of 
air and vapor mixture is a constant for a given wet bulb tempe 
irrespective of the initial temperature and humidity, and (8) that 

heat given up by the water and absorbed by the air-vapor mixture 
be expressed 
Tw (Wy — w) = Cpa (ta — tw) + WC ps (tg — tw); 


1 


in which ‘ 
i 
Ty» = latent heat of vaporization at wet bulb temperature, tw, By 
per lb., iu 

Wy = weight of vapor in 1 lb. of dry air when saturated at wet 


temperature, ty, lb., 
actual weight of vapor contained in 1 Ib. of dry air at dry 
temperature, tg d 
Co and Cy; = mean specific heats, respectively, of the dry al 
vapor between temperatures ¢, and tg. ; 


1 Willis H. Carrier, Trans, A.S8.M.E., Vol. 83, 1911, p. 1014, 


w= 
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Transposing equation (438) and reducing, 


TwWw — Cpa (ta — tw) 2 


pie Tw + Cbs (ta — tw) (480) 


For low pressures, 
C'ps = 0.42 + 0.00005 (ta + 2a 


At the low pressures under consideration, Dalton’s law may be assumed 
to hold good for vapors, thus 


P’ = hPa, (440) 
ROD 
== =D 441 
h=3,- Dj (441) 
in which 
h = relative humidity at temperature tz, 
D’ = actual density of the vapor at temperature tg, Ib. per cu. ft. 
Dg = density of saturated vapor at temperature tz, lb. per cu. ft. 


P’ = hP, = actual pressure of the vapor in the mixture at tempera- 


ture ta, 
P, = pressure of saturated vapor at temperature ta. 


Other notations as previously defined. 
By combining equations (438) to (441) and solving for h (omitting 
a number of negligible factors), Carrier (Trans. A.S.M.E., Vol. 33, 1911, 

p. 1023) has deduced the following expression: 
(P — Py) d y 


=| Py - <a> 442! 
‘ [P. 3800 — 1.3 tw|Pa’ (442!) 


in which 
P,, = pressure of saturated vapor at wet-bulb temperature, in., 
P = barometric pressure, in., 
d = temperature difference 
mometers. 


between the wet and dry bulb ther- 


Other notations as previously defined. 

Since, according to statement (2), the heat content, H’, of 1 Ib. of 
dry air at temperature with relative humidity h is the same as that, 
H, of 1 lb. of dry air at wet bulb temperature, ¢,, when completely satu- 


rated, then 


H! = H = rete + Codw: (443) 


1 This expression is for use in connection with the aspiration paychrometer, For 
the sling paychrometer substitute (2755 = 1,28 tw) for (2800 = 1,3 tw). 


— + as. —— 
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For any atmospheric pressure P:, other than P, the relative h 
will be 
Pih 
see 
in which 
hy = relative humidity at pressure Pi, 
h = relative humidity at pressure P. 


The values in Figs. 713 and 714 are based on the foregoing anal 
An application of these equations is given in Example 118. 


Example 118.— Determine the following quantities for partially 
rated atmospheric air if the wet and dry bulb temperatures are 80 
100 deg., respectively: relative humidity, pressure of the vapor in 
mixture, pressure of dry air and vapor content of the mixture, 
of 1000 cu. ft. of mixture, actual weight of vapor in 1 lb. of dry air, 
point, and the heat content of the mixture. 


Solution. — Relative humidity: 


(29.921 — 1.029) 207) 1 
- =| 1.029 2800 — 1.3 X 80 |1.931 


= 0.42 or 42 per cent. 


Vapor pressure in mixture: 
P’ = hPz = 0.42 X 1.931 = 0.811 in. 


Dry air pressure in mixture: 
P, = P — P’ = 29.92 — 0.811 = 29.11 in. 


Volume of 1 lb. of dry air plus vapor content; see equation (435); 


paren 0.755 T. 
_ 0.755. (100 + 459.6) _ 
7 oH ah lao ele & 14.5 cu. ft. 
Weight of dry air in 1000 cu. ft. of mixture 
1 1000 
= 1000 5, = i457 68.96 lb. 


Weight of water vapor in 1000 cu. ft. of mixture 

1000 X h X density of saturated steam at 100 deg. fahr. 

1000 X 0.42 * 0.00285 = 1.19 lb. 

Total weight of mixture 
= 68.96 + 1.19 = 70.15. ’ 


— — 
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Weight of vapor in 1 Ib. of dry air: 
From equation (439) 
_ 1047.4 X 0.02226 — 0.2416 < 20 _ 
w = ——“T9a7a OAD) x 20 OMB TDs 


w may also be closely approximated as follows: 


w = hV X density of saturated vapor at 100 deg. fahr, 
= 0.42 X 14.5 X 0.002855 = 0.0174 lb. 


Total heat in 1 Ib. of dry air containing w lb. of vapor at temperi- 
ture tg: 
From equation (443) 
H’ = 1047.4 X 0.02226 + 0.2415 & 80 = 42.46 B.t.u. 


H’ may also be approximated from the values in Table 138. 


H’ = heat content of the dry air + h % latent heat content of satu- 
rated vapor at temperature tz = 100 
= 24.16 + 0.42 x 44.63 = 42.9 B.t.u. 


An application of Table 138 and the psychrometric charts in Fig. 713 
is given in Examples 119 and 120. . 


Example 119. — Atmospheric air at 40 deg. fahr. and relative humidity 
0.80 is to be conditioned to 70 deg. fahr. and relative humidity 0.50. 
Determine the amount of moisture and heat to be added, (1) by means 
of Table 138 and (2) by means of the curves in Fig. 713. 


Solution. — 


From Table 138: 


Original moisture content = 0.52 X 0.8 = 0.416 lb. per 100 Ib. of 
dry air. 
Final moisture content = 1.578 X 0.5 = 0.789 lb. per 100 Ib. of 


air. 
Moisture to be added = 0.789 — 0.416 = 0.373 Ib. per 100 Ib. of 
dry air. 
From Fig. 713: 
Initial moisture content (intersection of tz = 40 and h = 80 per 
cent) = 29 grains per lb. of dry air. 
Final moisture content (intersection of tz = 70 and h = 50 per 
cent) = 55 grains per lb. of dry air. 

, 55 — 29 
Moisture to be added = 100( 7000 
dry air. (7000 = grains per lb.) 

From Table 138; 
Initial heat content = 9.65 + 0,8 5.56 = 14.1 B.t.u. per lb. 
Final heat content = 16,90 + 0,5 * 16.61 = 25.20 B.t.u. per lb. 
Heat required © 25,20 ~ 14.1 @ 11,10 B.t.u. per Ib, of dry air. 





)- 0.371 Ib. per 100 lb. of 
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From Fig. 713: 


Initial heat content (intersection of t; = 40 and h = 80 per ce 
gives wet bulb ¢,, = 37.5; follow constant temperature line ty 
37.5 until it intersects saturation line h = 100 per cent; trae 
vertically upward to intersection of ‘“ total heat’ line and re: 
from marginal notation 14.1 B.t.u. per Ib. 

Final heat content (intersection of tg = 70 and h = 50 per cen 
gives ty = 58.5; follow constant temperature line ¢,, = 58.5 t 
it intersects line h = 100 per cent; trace vertically upward 
intersection of ‘ total heat ” line and read 25.2. , 


The charts in Figs. 713 and 714 are reproduced to a greatly reduc 
seale and the readings cannot be made with the accuracy indicated 
the example. In the original charts the wet- and dry-bulb temperatu 
can be read to an accuracy of 0.1 degree and the other quantities p 
portionately. 


Example 120. — Atmospheric air at 90 deg. fahr. and relative humidit 
of 80 per cent is to be conditioned to 70 deg. fahr. and 50 per cent relati 
humidity. Determine the temperature to which the original mixtu 
must be reduced in order to have a relative humidity of 50 per cent wh 
heated to 70 deg. fahr. Determine also the amount of heat to be abst 
ted to effect the initial cooling and that to be supplied to bring it to 
final desired condition. : 


Solution. — Moisture content at t; = 90 and h = 0.8 = 3.109 X 0.8 
2.487 lb. per 100 lb. of dry air, corresponding dew point = 83 deg. fah 
that is, at 83 deg. fahr. condensation begins. 4 

Moisture content at tz = 70 and h = 0.5 = 1.578 X 0.5 = 0.789 I 
per 100 lb. of dry air. Corresponding dew point = 51.8 deg. fahr. 
is the temperature to which the air must be cooled in order to have th 
required humidity when reheated to 70 deg. fahr. Heat content at 
= 90 and h = 0.8 = 21.74 + 0.8 X 32.39 = 47.65 B.t.u. per lb. 

Heat content at tg = 51.8 andh = 1.0 = 21.19 B.t.u. per lb. 

Heat to be removed from water condensed due to cooling from 


to 51.8 deg. fahr. = 27 oss Baas = 0.26 B.t.u. per lb. 


(This is comparatively small and may be omitted.) 

Total heat to be removed in cooling from initial conditions to Sl. 
deg. fahr. = 47.65 — (21.19 + 0.26) = 26.20 B.t.u. per lb. 

Heat content at tg = 70 and h = 0.5 = 16.9+ 0.5 X 13.96 = 28, 

teu. p 
Heat to be added to retemper from 51.8 to 70 deg. = 23.88 — 21,1 
= 2.69 B.t.u. per lb. 

These values, neglecting the heat of the liquid, may be taken d 
from the curves in Fig. 713 as shown in the preceding example. 


Example 121. Evaporative Surface Condenser. — How many cubic 
of air and how many pounds of water spray must be forced thro 
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rative surface condenser of the fan type in order to condense 
1000 Ib. of steam per hour and maintain a vacuum of 25 in,, barometer 
29? (Atmospheric air 80 deg. fahr., relative humidity 70 por cont.) 
The air and vapor issue from the discharge pipe under pressure of 4 in, 
of water, temperature 120 deg. fahr., relative humidity 98 per cent, 


Solution. — The absolute pressure in the condenser is 29.0 — 25,0 = 4 in, 


Vee real heat to be withdrawn in order to cool and condense 1000 lb. 


of steam per hour at absolute pressure of 4 in. to 120 deg. fahr. is 
1000 [1114.8 — (120 — 32)] = 1,026,000 B.t.u. 


Neglecting radiation and leakage losses, this is the heat to be abstracted 


er hour by the air and water spray. 
’ Air-Vapor Mixture Entering Condenser. 
Pressure P; of the dry air: 


P, = 29.0 — 0.7 K 1.0314 = 28.28 in. 
(1.0314 = pressure of saturated vapor at temperature ¢ = 
80. deg. fahr.) 


Volume V; of 1 lb. of dry air plus its vapor content, equation (435): 
_ 0.754 (459.6 + 80) _ ft 
Vi = tee 5 Una 14.41 si ° 
Weight w: of vapor in 1 Ib. of dry air: 
w, = 0.7 X 14.41 X 0.00158 = 0.0159 lb. 
(0.00158 = density of saturated vapor at 4, = 80 deg. fahr.) 
Heat content H, of 1 lb. of dry air above 0 deg. fahr.: 
Ha = Coati = 0.2414 X 80 = 19.32 B.t.u. 


Latent heat 7, of vapor content in 1 lb. of dry air: 
ry = 0.7 (14.41 X 0.00158 X 1047.4) = 16.68 B.t.u. 
(1047.4 = latent heat of saturated vapor at temperature ¢ = 80.) 
Total heat H, of mixture in 1 Ib. of dry air: 
Hy, = 19.82 + 16.68 = 36.00 B.t.u. 
Air-Vapor Mixture Leaving Condenser. 
Pressure P2 of the dry air: 
P2 = (29.0 + 0.294) — 0.98 X 3.444 = 25.92. 
(0.294 = value in inches of mercury of 4 inches of water pressure.) 
Volume V2 of 1 lb. of dry air plus its vapor content: 
0.754 (459.6 + 120) os f 
Va = Smee ORNS 16.89 cu. ft. 
Weight ws of vapor in 1 Ib, of dry air; 
wy = 0.08 X 16.89 X 0.00402 = 0,08143. 
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Heat content H,' of the dry air in 1 lb. of mixture: 
HH,’ = Ct = 0.2416 X 120 = 29.00 B.t.u. 


Latent heat 7,’ of vapor content in 1 lb. of dry air: 
ry = 0.98 (16.89 0.00492 & 1025.6) = 83.53 B.t.u. 


Total heat Hs» of the mixture in 1 Ib. of dry air: 
Hz = 29.00 + 83.53 = 112.53 B.t.u. 
Heat taken up by 1 lb. of air plus water vapor in passing through 
condenser 
= AH, — A, = 112.53 — 36.00 = 76.53 B.t.u. 


Total weight of dry air passing through condenser 
_ 1,026,000 
76.53 
Total volume of air vapor entering the condenser 
= 13,400 X 14.41 = 192,960 cu. ft. - 
Water absorbed per Ib. of dry air 
= W. — Wi = 0.08143 — 0.0159 = 0.06553 Ib. 
Total moisture absorbed or weight of spray to be injected 
= 13,400 X 0.06553 = 878.0 Ib. per hr. 


For purpose of design it is sufficiently accurate to disregard the 
barometric pressure and assume it to be 29.92 in. With this assump 
the problem may be readily solved by means of Table 138 or the ¢ 
in Figs. 713-4. 


From Fig. 713 (for 4, = 80 and h; = 0.70): 
Wet bulb = 72.2, Dew point = 69.0. 
w, = 107 grains = 0.01538 lb. 


; HA, = 35.5 B.t.u. 
From Fig. 714 (for t2 = 120 and he = 0.98): 


= 13,400 lb. per hour. 


Wet bulb = 119.4, Dew point = 119.2. 
“we = 555 grains = 0.0793 lb. 
He = 111 B.t.u. 


Moisture absorbed per lb. of dry air, and its vapor content, 
We — Wi = 0.0793 — 0.0153 = 0.064 Ib. 
Heat absorbed per Ib. of dry air, and its vapor content, 
He, — Hy = 111 — 35.5 = 75.5 B.t.u. 
Since the moisture content per lb. of dry air at dew point is the 


as that for all conditions of wet- and dry-bulb temperat i 
dew-point temperature, dry peratures having 
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From Table 138: 
w, for dew point 69.0 = 0.0152 lb. 
w. for dew point 119.2 = 0.0793 Ib. 


Moisture absorbed per Ib. of dry air © 0.0793 — 0.0152 = 0,0041 Ih, 
Since the heat content or total heat is constant for a given walebull 
temperature 
Hi, for wet bulb 72.2 = 35.3 B.t.u. 
He for wet bulb 119.2. 110.5. 


Heat absorbed per lb. of dry air and its vapor content. 
H. — H = 110.5 — 35,8 = 75,2 B.t.u. per lb. 


These results check substantially with the calculated data. 


Example 122.— Determine the quantity of air passing through the 
cooling tower and the weight of circulating water lost by evaporation in 
a surface-condensing power plant operating under the following conditions: 
Turbines, average load 1000 kw.; average water rate 20 Ib. per kw-hr.; 
initial steam pressure 150 Ib. abs.; superheat 50 dog, fahr.; vacuum 
26.92 in.; barometer 29.92 in.; temperature of injection water, discharge 
water and outside air, 70, 100, and 65 deg. fahr., respectively; tempera- 
ture of air leaving tower 90 deg. fahr.; wet bulb temperature of outside 
air and air leaving cooling tower 57 and 89 deg. fahr., respectively, 

Solution. — Total heat to be abstracted from the steam = 

1000 X 20 (1228 - ae —105*+ 32) = 19,580,000 B.t.u. per hr. 


* Assumed hotwell temperature. 


Atmospheric air entering tower: 


From the curves in Fig. 713 (dry-bulb temperature 65 deg. fahr. 
and wet bulb temperature 57 deg. fahr.). 

Moisture content of 1 lb. of dry air, w. = 56 grains. 

Total heat of 1 lb. of dry air, with its vapor content, 


A, = 24.3 B.t.u. 


Air-vapor mixture leaving tower: 


From the curves in Fig. 713 (dry-bulb 90 and wet-bulb 89). 
Moisture content of 1 lb. of dry air, w2 = 209 grains. 
Total heat of 1 lb. of dry air, with its vapor content, 


He = 52.8 B.t.u. 
Moisture absorbed by 1 Ib. of dry air in passing through the tower 
= w, — w = 209 — 56 = 153 grains or 0.02186 lb. 
Heat absorbed by 1 Ib, of dry air (plus its initial vapor content) in 


passing through the tower 
= Hy = iH = 52.8 pes 24.3 = 28.5 Btu. 
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re 
Total weight of dry air required to abstract the heat from the ei ce 
lating water 
19,580,000 
= m5 = 687,000 Ib. per hr. 
Volume of 1 Ib. of dry air and its vapor content entering tower 
459.6 + 65 
= 0.754( Par) = 13.39 cu.ft ) = 
q - } EQUIVALENT VALUES OF ELECTRICAL AND MECHANICAL UNITS 
(29.54 = pressure of the dry air in the mixture = 29.92 — 0.61 x 0.6: 
0.61 = relative humidity and 0.6218 = pressure of saturated vapor 1 Myrtawatr = 1 Kiowarr = 
65 deg. fahr.) 10 kilowatts 0.1 myriawatt 
Total volume of atmospheric air entering tower 10,000 watts 1000 watts 
_ 687,000 X 13.39 13.41 horsepower 1,341 horsepower 
mainte Ly: = 153,000 cu. ft. per min. 13.597 cheval-vapeur 1.3597 cheval-vapeur 
4 13.597 pferde-kraft 1.3597 pferde-kraft 
The Temperatures of Evaporation of Water into Air: C a : 26,552,000 foot pounds per hour 2,655,200 foot pounds per hour — 
A.S.M.E., Vol. 46, 1924. fs Raeigg o Lindsaag . 8,605,000 gram calories per hour 860,500 gram calories per hour 
The Designs of Cooling Towers: Robinson, Trans. A.S.M.E., Vol. 44, 1922, p. 669 3,670,000 kilogram meters per hour 367,000 kilogram meters per hour 
The Evaporation of a Liquid into aGas: Lewis, Trans. A.S.M.E., Vol. 44, 1922 p. 34,150 B.t.u. per hour 3,415 B.t.u. per hour 
: 1.02 boiler horsepower 0.102 boiler horsepower 
. sp Sel 1 CHEVAL-VAPEUR OR PFERDE-KRAFT = 
0.7457 kilowatt 75 kilogram meters per second — 
0.07457 myriawatt 0.07354 myriawatt 
1.0139 cheval-vapeur 0.7357 kilowatt 


0.9863 horsepower 
32,550 foot pounds per minute 
632,900 gram calories per hour 
2,512 B.t.u. per hour 


1.0139 pferde-kraft 

33,000 foot pounds per minute 
641,700 gram calories per hour 
273,743 kilogram meters per hour 


2,547 B.t.u. per hour 
1 Foot Pounp = 


we Pete second prone | hard 
0.13826 kil 
0.10197 kilogram meter Pies: AL ee. baste} 
— oF seep 0.03241 gram calorie 
‘ c 
0.000000505 hi h 
0.0009486 B.t.u. » ith ger aa a ce 
1 B.t.0. = 1 KitocramM-METER = 
1054 watt seconds 7.233 foot pounds 
777.5 foot pounds ‘ 9.806 joules 
107.5 kilogram meters 2.344 gram calories 
0.0003927 horsepower hour 0.0093 B.t.u. 











1 Pounp prr Square INcH = 


2.0355 inches of mercury at 32° F. 

2.0416 inches of mercury at 62° F. 

2.309 feet of water at 62° F. 

0.07031 kilogram per square centi- 
meter 

0.06804 atmosphere 

51.7 millimeters of mercury at 

32° F. 


1 Foor or Water at 62°F, = 
0.4383 pound per square inch 
62.355 pounds per square foot 
0.883 inch of mercury at 62° F. 
821.2 feet of air at 62°F. and ba- 
rometer 29.92 


1 Incu or Wartsr 62°F. = 
0.0361 pound per square inch 
5.196 pounds per square foot 
0.5776 ounce per square inch 
0.0735 inch of mercury at 62° F. 
68.44 feet of air at 62°F. and ba- 
rometer 29.92 


1 Foot.or Arr at 32°F. anp BaromeE- 
TER 29.92 = 
0.0761 pound per square foot 
0.0146 inch of water at 62° F. 
1 Incu or Mercury at 62°F. = 
0.4912 pound per square inch 
1.134 feet of water at 62° F. 
13.61 inches of water at 62° F. 


APPENDIX B 
MISCELLANEOUS CONVERSION FACTORS 


1 ATMOSPHERE = 


760.0 millimeters of mercury 
32° F. 
14.7 _— pounds per square inch 
29.921 inches of mercury at 32° 
2116.0 pounds per square foot 
1.033 kilograms per square 
meter 
feet of water at 62° F. 


33.947 
1 Mizumerer = 0.03937 inch 
1 Centmerer = 0.3937 inch 
1 Merer = 39.37 inches 
1 METER = 3.2808 feet 


1 Square Meter = 10.764 square 


1 Liter = 
61.023 cubic inches 
0.264 U. S. gallons 


1 Gram = 


1 cubie centimeter of dis 
water 


15.43 grains troy 
0.0353 ounce 


1 Kitoeram = 
2.20462 pounds avoirdupois 








APPENDIX C 


REFERENCES TO DETAILED DESCRIPTIONS OF MODERN CENTRAL AND 
ISOLATED STATIONS 


CENTRAL STATIONS 


Station Company 


Barbadoes Island . Counties Gas & Electric. ... 


Battle Creek..... Consumers Power Co...... 

Cahokia.....:..-Union Elec. Lt. Co......... 
Cakumeét ox.4- ten Commonwealth Edison Co.. 
Coliaxiccatsrees as Duquesne Lt. Co........-- 


Conners Creek.. .. Detroit Edison............ 
Crawford Ave.....Commonwealth Edison Co. 


Reference 
Power Plant Engrg., Oct. 1, ’28, p. 965. 


. Power, June 6, 722, p. 881. 


Power, Apr. 1, ’24, p. 514. 

Power Plant Engrg., July 15, ’23, p. 135. 
Power Plant Engrg., May 15, ’22, p. 498. 
Power, May 30, ’22, p. 842. 

Power, May 24, ’21, p. 824. 

Trans. A.S.M.E., Vol. 44, ’22, p. 250. 
Trans. A.S.M.E., Vol. 44, ’22, p. 1033. 
Power, July 15, ’24, p. 88; Nov. 4, ’24, 
p. 728; June 16, ’25, p. 936. 

Power Plant Engrg., May 24, ’21, p. 806. 


Delaware.......- Ohio Elec......... EK + aon ane 
Devonieean, reek Conn. Lt. and Power...... Power, Mar. 25, 1924, p. 474. 

Elec. Wld., Mar. 22, 1924, p. 563. 
Hell Gate.......- United Elec. Lt...-.......- Power, May 2, ’22, p. 678. 

Power Plant Engrg., June 1, ’23, p. 556. 
Long Beach ...-... So. Calif Fd. C+ ... Power, Feb. 17, 1925, p. 246. 
High Bridge ..... Northern States Power Co... Power, Dec. 23, 24, p. 1006 
Hudson Ave...... Brooklyn Ed.............- Power, May 18, ’24, p. 750. 
Kearney.......-- Pub. Serv. El. Co., N. J... . Power Plant Engrg., Mar. 1, ’24, p. 311. 
Lakeside.......- Milwaukee Elec. Ry........Elec. Wld., Apr. 15, ’22, p. 721. 

‘ Power, Apr. 18, ’22, p. 604. 

Power, Dec. 19, ’22, p. 968. 
Marysville. ...... Detroit Edison Co......... Power, May 29, ’23, p. 824. 
Miami Fort....... Columbia Power Co........ Elec. Wld., Dec. 20, ’24, p. 1305. 
Middletown...... Met. Bod. Pans: Fier ie so 0 Power, Dec. 25, ’23, p. 1025. 
Northeast....... Kan. City Lt. & Power.....Power, July 3, ’28, p. 2. 


Saginaw River... .Consumers Power Co...... 


Sewards..... 0.06, Penn. Pub. Serv 

Somerset ......-- Montaup lec. Co.,...... 
Springdale. ...... West Penn. Power Co..... 
Steel Point....... United Ill, Co., Conn...... 


Waukegan 
Woat Reading... .Met, Bd, Pa. 


Pub. Serv, North, IlIL..... 


Power, Aug. 28, ’23, p. 318. 
.Power, July 22, ’24, p. 122. 


Betnigt. Sh wuss Power, Aug. 23, ’21, p. 278. 
. Power Plant Engrg. Apr. 1, 1925, p. 368. 


. Power, Sept. 28, ’20, p. 488. 
. Power, Feb, 12, ’24, p. 238. 
. Power, Jan, 15, ’24, p. 80; 
Power Plant Engrg., Jan. 15, ’24, p. 120. 
. Power Plant Engrg, Aug. 1, '28, p. 757. 


Weymouth... ... Hdison Boo, Hl, Co... . +. Power, July 10, '28, p. 42. 
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Ashtabula....... Ashtabula Steel Co Power Plant En, , 
i PE erg., Aug. 15, ’23, 
Baltimore, Md....Am. Sup. Ref. Co......... Power, Sept. 12, 99, p. 441. “I 
Chicago, Ill... ... Great Western Laundry. ...Power, Jan. 29, ’24, p. 163. 


Cincinnati, O.... 
Detroit, Mich.. .. 
Elizabeth, N. J... 


Ensley Works... .Tenn, Coal, Iron, R.R...... Power, Nov. 6, ’23, p. 718. 


Hammermill Paper Co......Power, Feb. 15, ’21, p. 201. 
Kokomo, Ind... . . Pittsburgh Plate Glass Co... Power, Oct. 31, ’22, p. 675. 


Locust Point, Md 
Maurer, N. J... . 


Milwaukee, Wis. 


cians... 
Newark, N. J..... Duratex 
Newark, N. J.....Clark Thread Co 
North Canton, O.. 


Point Breeze..... Atlantic Refining 
River Rouge..... Ford Motor Co 


St. Louis, Mo... . 
Toronto, Ohio... 


Chicago, IIl...... 
Cleveland, O..... 
Jersey City....... 
New York....... 
Detroit, Mich... . 


.American Can Co.... 
-Dodge Bros......... 
.Durant Motors..... 


. Am. Sup. Refin. Co.. 


. Barber Asphalt. .......... Power Plant Engrg., July 15, ’23, p. 


. Vacuum Oil Co....... 


. Bridge & Beach Co... 
. Follansbee Bros....... 


? BUILDINGS 
Harvard Medical School... .Power, Apr. 1, ’22, p. 349. 


Field Museum....... 


R. H. Macy......... 


.Book — Cadillac Hotel 


d Co........... Power, Nov. 4, ’24, p. 715. 
Hoover Suction Sweeper Co. Power, Nov. 14, ’22, p. 751. 


Ps a Power Plant Engrg., Nov. 1, ’24, p. 


ie NF Power, Nov. 11, ’24, p. 755. 
eel Power, May 24, ’21, p. 841. 
Rees Power, Oct. 23, ’23, p. 638. 


Se sean Power, July 4, ’22, p. 2. 


rahe ae Power, Dec. 5, 1922, p. 869. 
ZN ee Power, Sept. 5, ’22, p. 359. 


ras Power Plant Engrg., Aug. 1, ’22, p. 
b Cane Power, Sept. 6, ’21, p. 348. 

.....Power Plant Engrg., Mar. 1, ’24, p. 
bE Power, July 25, ’22, p. 117. 


Roop Power, Sept. 26, 22, p. 482. 
aeons Power Plant Engrg., Nov. 1, '23, p. 
aaa Power, Aug. 29, ’22, p. 311. 


Yaka f Power Plant Engrg., Dec. 15, ’23, p. 


Passes Power, Jan. 19, 1926, p. 86. 
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Accessories, boiler, 173. 
Accumulator, regenerative, 480. 
Acetylene, fuel properties of, 69. 
Acids in lubricating oils, 786. 
Adamson ring, 119. 
Adiabatic change of state, 959. 
Admiralty condenser tubes, 527. 

surface condensers, 519. 
Amortization, 877. 
Air, Carrier’s chart, 999. 

chambers, 635. 

combustion, 77. 

composition of, 78. 

cooled condensers, 537. 

coolers, 555. 

dehumidifying, 1004. 

density of (table), 993. 

dew point, 1000. 

drying loss, 27 

heat loss due to excess, 91. 

heaters, 21, 91. 

leakage, condenser, 531 

lift, 680. 

manometer, 836. 

moisture in, 995. 

nitrogen in, 78. 

properties of, 993. 

dry, 992. 

partially saturated, 997. 

preheaters, 21, 91, 618. 

registers for oil burners, 254 

saturated, 995. 

pumps (see Pumps, vacuum). 

requirements for combustion, 77. 

space in grate bars, 213. 


theoretical combustion requirements, 


77. 
weight per pound various fuels, 80, 
Alarm, high and low water, 174, 


INDEX 


Analyses, feedwater, 561. 
gases, 65. 
flue gas, 84, 847. 
fuel oil, 60. 
lubricating oil, 793, 798. 
proximate, 26. 
scale, 565. 
solid fuels, 38-39. 
ultimate, 28. 
visible smoke, 102. 
Anchor bolts, steel stacks, 324. 
Anchors, pipe, 732. 
Animal fats, 780. 
Annuities, 879. 
Anthracite coal, 36. 
Apron conveyors, 267. 
Aqueous vapor in condensers, 503. 
Arches, furnace, 208. 
Argand blower, 345. 
Arithmetic mean temperature, 532, 612. 
Ash, combustible in, 56. 
composition of, 27. 
fusibility of, 53. 
influence on fuel value of coal, 53. 
Ash handling systems, 264-285. 
apron conveyor, 269. 
belt conveyors, 273. 
bucket conveyor, 271. 
Calumet, 285. 
cross bar, 281. 
gravity system, 277. 
hydraulic, 279. 
pneumatic, 280. 
skip hoist, 275. 
South Meadow, 287. 
steam jet, 281. 
vacuum, 280. 
Windsor, 286. 
hoppers, 277. 
pit, 280. 


Alkalinity, 567. Attendance, 896. 
moter, 567, Atmospheric condenser, 540, 
Analyses, coal, 88-89, heaters, 582, 
2 1018 
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Atmospheric condenser, pressure, 501. 
relief valve, 776. 
surface lubrication, 796. 
Augmenter, Parsons vacuum, 670. 
Automatic combustion control, 111, 292. 
damper control, 176. 
fan control, 368. 
injectors, 647. 
non-return valve, 769. 
relief valves, 776. 
Auxiliaries (see apparatus in question). 
Available draft, 302. 
hydrogen, 30. 
Avogadro's law, 71. 


B. 


Back-pressure, decreasing, 399. 
valves, 775. 
Baffles, 208. 
Bagasse as fuel, 44. 
Bag-type filter, 808. 
Balanced draft, 370. 
Banking, coal burned in, 110. 
fires, hand-fired furnaces, 214. 
Barometric condenser, 513. 
readings, corrections for, 501. 
Batch system, oil, 811. 
Baumé gravity, 61, 788. 
Bearings, lubrication of, 796-800. 
Bell-Spigot joints, 715. 
Belt conveyors, 273. 
Bends, pipe, 727. 
Benson super-pressure plant, 987. 
Binary-vapor engine, 412. 
Bins, coal-storage, 263. 
Bituminous coals, 41. 
Blast furnace gas, 65. 
Bleeder turbine, 482. 
Blowers, centrifugal (see Fans). 
soot, 109. 
Blowing off, loss due to, 109. 
Blow-off cocks, 771. © 
piping, 772. 
tank, 175. 
valves, 771. 
Blow-offs, 175. 
Boiler, 114-176. 
accessories, 173. 
Adamson ring, 119. 





INDEX — 


Boiler, A.S.M.E. rating; 144. 


‘Heine, 125. : 





Babcock & Wilcox, standard, 124, 
Babcock & Wilcox, cross-drum, 12¢ 
Badenhausen, 132, 611. 

baffles, 208. 

Benson superpressure, 987 
Bigelow-Hornsby, 129. 
blow-offs for, 175. 

Bolling hoop, 119. 

builders rating, 144. 

capacity of, 142. 

Centennial rating, 143. 
classification, 115. 

compounds for, 673. 

control boards, 853. 

corrosion in, 566. 

cost of, 875. 

cross-drum type, 126. 

curves of performance, 150-154. 
damper regulators, 176. 
dead plate, 213. 

draft loss through, 163. 
dry pipe, 121. 

duplex, 120. 

economical loading, 166. 
Edge Moor, 126, 130. 
efficiency of, 145. 
efficiency-capacity relation, 
electric heated (ref.), 135. 
Erie City, 183. 

factor of evaporation, 143. 
fire-box, 117. 

flue-gas temperatures in, 165. 
foaming in, 567. 

forced capacity of, 166. 
furnaces (see Furnaces). 
fusible plugs for, 174. 

gage cocks, 174. P 
gallows-frame suspension, 122, 
grate surface for, 212. 

head room for, 222-224. 

heat balance, 103. 

heat losses, 91-100. 

heating surface, 135. 

heat transmission, 135. 

height of chimney for, 297, 


J 


high-pressure, 127. 
high water alarm, 174, 
horizontal return tubular, 121, 


j . 
ect nl the tame # 





Boilers, horsepower of, 143. 
inherent losses, 106. 
Kidwell, 130, 349. 
Kroeschell, 133. 

Ladd, 132. 

locomotive type, 117. 
longitudinal-drum type, 121. 
losses, standby, 108. 
Manning, 116. 

mercury vapor, 412. 
perfect boiler, efficiency of, 148. 
performance of, 141. 
rating of, 143. 
return-tubular, 121. 
safety valves, for, 772. 
scale formation in, 565. . 
Scotch-marine, 119. 
selection of size, 171. 
selection of type, 169. 
settings for, 206-242. 
soot removal from, 177. 
Springfield, 127. 

steam domes for, 122. 
Stirling, 131. 
superheated steam for, 182-205. 
temperature drop in, 165. 
tests of, 150-154. 
thickness of fire in, 160. 
tube cleaners, 179. . 
“uniflow,” 122. 

unit of capacity, 142. 
unit of evaporation, 144. 
vertical-tubular, 115. 
waste heat, 134. 

Wickes, 129. 

Bolling Hoop, 119. 

Bolts, chimney foundation, 323. 
Bourdon pressure gage, 836. 
Breeching, 338. 

Brick chimneys (see Chimneys). 
Bridgewall, 8, 218. 

Bridgewall, double-arch, 218 

Brown coal, 43. : 

Bucket conveyors, 270. 


INDEX 


Bursting strength of pipes, 712, 
By-pass oil system, 810, 
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Caking coals, 41. 
Calorific value, coal, 38, 47. 
fuel oil, 60, 62. 
Cannel coal, 41. 
Capacity, boiler, 153-159. 
fans, 362. 
pipes, 750. 
Carbocoal, 42. 
Carbon, combustion of, 70. 
dioxide, combustion data, 69, 79. 
index to combustion, 84. 
testing apparatus, 847. 
hydrogen ratio, 34. 
monoxide combustion data, 69, 72. 
heat loss due to, 96. 
packing, 461. 
residue, oils, 787. 
Carnot cycle, 966. 
Carrier’s psychrometric chart, 998. 
Cast-iron pipe, 708. 
Cast-steel pipe, 709. 
Cellulose, composition of, 26. 
Central condensing system, 546. 
oiling system (see Lubrication). 
station, elementary steam, 8. 
statistics, 861-890. 
Centrifugal fans (see Fans). 
pumps (see Pumps, centrifugal). 
Chain grates, 226. 
Chambers step-down furnace, 221. 
Check valves, 777. 
Chemical analysis, feedwater, 571. 
fuel oil, 58. 
fuels, 38. 
lubricating oils, 785. 
scale, 561. 
Chemical purification, feedwater, 571. 
Chezy’s formula, 304. 
Chicago smokeless settings, 217. 
Chimneys, 297-359. 


traps, 698. 
Builders rating, 144. areas of, 131. 
Bunkers, coal, 263. breechings for, 338. 
Burners, fuel-oil (see Fuel oil), brick, 325, 
powdered coal, 54, at Armour Institute, 328, 
Burning point of oils, 700, core and linings for, 825. 
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Chimneys, brick, cost of, 877. 


Custodis radial, 332. 

materials for, 329. 

radius of statical moments, 330. 

stability of, 330. 

thickness of walls, 325. 
classification of, 315. 
concrete (reinforced), 334. 

strain sheet, 338. 


Turneaure and Maurer curves, 337. 


Weber coniform, 334. 
Wiederholt, 333. 
dampers for, 339. 
density of gases in, 299. 
draft in, 297. 
eccentricity in, 330. 
evasé, 351. 
foundations for, 340. 
general theory, 297. 
guyed, 316. 
height of, 300. 
horsepower rating of, 313-315. 
Kent’s equation, 311. 
kern, 330. 
lightning protection of, 329. 
oil fuel, 314. 
stability of, 330. 
steel, 317-320. 
foundations for, 324. 
foundation bolts for, 323. 
guyed, 316. 
plates for, 320. 
riveting for, 323. 
stability of, 323. 
temperature drop in, 298. 
Weber concrete, 334. 
wind pressure on, 319. 


Cinder catchers, 350. 
Circulating pumps, 675. 
Classification of boilers, 115. 


chimneys, 315. 
coals, 25. 
condensers, 506. 
conveyors, 264. 


feedwater heaters, 581. 
fuel oil burners, 252. 
fuels, 34. 

pumps, 627. 

steam meters, 828-834. 


separators, 690-696. 


INDEX 


Classification of steam traps, 697— 


turbines, 430. dl 


stokers, 223. 
thermometers, 840. 
testing instruments, 812. 
Clayton’s method, 980. 
Cleaner, tube, 177. 
Clearance volume, 387. 
Clinkering coal, 46. ' 
Clinkers, loss due to, 55. ? , 
Closed heaters, 587. A 
Coal, 25-55. 
analysis of, 26. i 
analysis of various, 38. oS 
air drying loss, 27. 
air requirements for, 44, 80. 
anthracite, 36. 
composition of, 38. 
sizes of, 50. 
ash in, 27. 
available hydrogen in, 30. 
bituminous, 41. 
composition of, 38. 
heating value of, 38, 47. 
sizes of, 50. 
bone, 37. 
brown, 48. 
bunkers, 263. 
burned in banking, 110. 
caking and non-caking, 41, 
calorimeter, 856. 
calorimetric tests of, 38. 
cannel, 41. 
classification of, 25. 
clinkering, 46. 
combined moisture in, 39. 
combustible in, 27. 
combustion of, 68-101. 
composition of, 38. 
conveyors (see Conveyors), 
cost of, for power, 882-895, 
district, 35. 
draft requirements for, 157, 
dry, 28. 
Dulong’s formula, 47, 
field, def., 36. 
fields of U. 8., 34, 
fixed carbon, 28. y 
grades of, 35. ve 
handling machinery, 261-280, 








INDEX 


Coal, heat losses in burning, 90. 


heating values of, 38. 
high rank, 35. 
hoppers, 263. 
hydrogen in, 30. 
low rank, 35. 
map of the U. S., 34. 
meter, 815. 
moisture in, 27, 35. 
nitrogen in, 38. 
powdered (see Powdered coal). 
products of combustion, 79. 
province, 36. 
proximate analysis, 26. 
ranks of, 35. 
region, 36. 
selection and purchase, 51. 
semi-anthracite, 37. 
semi-bituminous, 37. 
specifications for purchasing, 51. 
spontaneous combustion, 262. 
storage, 261. 
sub-bituminous, 43. 
tar, 60. 
tempering, 94. 
total moisture, 30. 
ultimate analysis, 28. 
valves, 295. 
volatile matter in, 27. 
washing, 51. 
weathering, 262. 
weigh larries, 293. 
Cocks, blow off, 771. 
try, 173. 
Coefficient of expansion, pipes, 725. 
friction, chimney gases, 305. 
steam in pipes, 751. 
water in pipes, 758. 


Coef. of heat transmission, boilers, 137. 


condensers, 528. 
economizers, 617. 
feedwater heaters, 591. 
superheaters, 200. 

Coil heaters, 588. 

Coke breeze, 42 

Coke oven gas, 66, 

Coking coals, 41. 

Cold process water purification, 574, 
toat lubricating oils, 700, 

Colloidal fuels, G3. 


Pee 


Color test, lubricating oils, 790. 
Column, water level, 174, 
Combined moisture in coal, 30, 
Combustible matter in coal, 27, 
Combustion, 68-110. 

air heater, 618. 

control, 111. 

heat losses, 90. 

products of, 79. 

rate of, 152. 

temperature of, 87. 

theory of, 68. 
Commercial efficiency, 384. 
Compound engines, 408. 

steam turbines, 478. 
Compounding, 408, 478. 
Compounds, boiler, 572. 
-Compressed air, lubrication, 804. 
Compression in engines, 387. 
Concentration meter, 565. 
Concrete chimneys, 334. 
Condensate, 501. 

pumps, 679. 
Condensation control, ‘‘S-C,”’ 704. 
Condensation, cylinder, 385. 
Condensers, 501. 

aqueous vapor in, 505. 

air for cooling, 537. 

air leakage in, 531. 

air pressure in, 216. 

air pumps for, 661-673. 


arithmetic mean temperature in surface, 


532. 
atmospheric, 539. 
barometric, 514. 
Blake jet, 508. 
classification of, 506. 
central, 546. 
centrifugal jet, 510. 
choice of, 547. 
C. H. Wheeler, low level, 510, 548. 
circulating pumps for, 675. 


Commonwealth Edison, 50,000 sq. ft., 


545. 
cooling water for jet, 515. 
cooling water for surface, 523. 
cost of, 876. 
counter current, 506. 
Dalton’s law, 508. 
dry air surface, 537, 
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Condensers, ejector, 511. 
exponential mean temperature, 531. 
evaporative surface, 540. 
heat transmission in surface, 525. 
high vacuum, 506. 
hotwell depression, 517. 
Ingersoll-Rand, 514, 523. 
jet, 507-517. 

Blake, 508. 

C. H. Wheeler, 510. 

cooling water for, 515. 

high vacuum, 509. 

low-level, 507. 

Westinghouse-Leblane, 509. 

Wheeler, low-level, 547. 

Worthington low-level, 507. 
Koerting multi-jet, 511. 
location of, 542. 


logarithmic mean temperature differ | 


ence, 532. 
low-level, 547. 
measurement of vacuum, 505. 
multi-jet, 509. 
Orrok, tests by, 529. 
parallel flow, 506. 
Pennel atmospheric, 539. 
power gained by use of, 402. 
pressure drop in surface, 535. 
proportions of surface, 536. 
radial flow surface, 521. 
saturated air, 539. 
Schutte ejector, 511. 
siphon, 515. 
surface, 518-542. 
air pumps for, 661-673. 
Alberger Spiroflo, 520. 
C. H. Wheeler “‘ Duplex,”’ 522. 
circulating pumps for, 675. 
circulating water for, 523. 
cleanliness of tubes, 527. 
coefficient of heat transfer in, 528. 
Commonwealth Edison, 50,000 sq. ft., 
545. 
cost of, 876. 
dry air, 537. 
evaporative, 540. ; 
heat transmission in, 528. 
hotwell depressions in, 524. 
Ingersoll-Rand, 523. 
Pennel saturated air, 539. 
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Condensers, surface, pumping engine 
recent installations, 536. : 
saturated air, 539. 
tests of evaporative, 541. 
tests of large surface, 535. 
theoretically correct, 518. 
Westinghouse radial flow, 521, 
Wheeler, admiralty, 519. 

saturated air, 539. 
tests of, surface, 535, 541. 
tube packing, 522. 
water for, jet, 515. 
surface, 518. 
Westinghouse, Leblanc, 509. 
radial flow, 521. 
Wheeler, admiralty, 519. 
barometric, 514, 
Wheeler, C. H., high-vacuum, 
low-level jet, 510. 
Condensing steam engines, 399. 
steam turbines, 497. ’ 
Continuous by-pass, oil, 810. 
Control boards, boiler, 853. 
Conversion tables, 1010. Ww 
Conveyors (coal and ash), 264-288, 
apron, 267. ; 
belt, 273. 
Calumet, 285. 
classification of, 264. 
Commonwealth Edison, 279, 
continuous, 266. 
crane, 278. : 
cross bar, 280. 
flight, 267. 
grab bucket, 278, 
Hell gate, 280. 
hoist and trolley, 277, 
Hunt, 271. 
hydraulic, 280. 
jet, 281. 
Northwest, 279. 
open top, 267. 
pan, 267, 
Peck, 272. 
pivoted bucket, 271. 
powdered coal, 286-289, 
pneumatic, 281, 
Robins, 273, 
scraper, 267, 
serew, 266, 7 
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Conveyors, skip hoist, 275. 
Springdale, 280. 
steam jet, 282. 
telpherage, 276. 
vacuum, 281. 
V-bucket, 270. 
water conveyor, 279. 
Windsor, 286. 

Coolers, air, 555. 
oil, 556. 
turbo-generators, 556. 
“U-fin,” 556. 

Cooling ponds, 549. 

Cooling towers, 548. 
Atmospheric, 549. 
Barnard-Wheeler, 548. 

C. H. Wheeler, 549. 
forced-draft, 548. 
natural-draft, 549. 

Copper pipes, 709. 
Core and lining, chimney, 329. 
Corliss engines, 415. 
Corn, heat value of, 45. 
Corrosion, 566. 
Cost of power plant equipment, 876. 
Cost of power (see Power cost). 
Countercurrent flow, 506, 587, 609. 
Covering, pipe, 735. 
Critical temperature of steam, 988. 
Cross-bar conveyor, 281. 
Cross box, boiler, 124. 
Cross-drum boiler, 126. 
Cross-over main, 743. 
Culm, 37. 

Cycle, Carnot, 493, 966. 
Clausius, 972. 
conventional, 980. 
mercury-steam, 412. 
Rankine, 493, 972. 
rectangular, 978. 
regenerative, 493, 988. 
reheating, 493, 986. 

Cylinder condensation, 385. 

Cylinder efficiency, 382. 

Cylinder lubrication, 799. 

Cylinder ratio, compound engines, 408. 


dD, 
Dalton's laws, 503, 
Damper, 176, — 
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Damper, hydraulie, 170, 
loss of draft through, 404, 
steam actuated, 176, 
Daily load curve, 865-867, 
Deactivators, 579. 
Deaérators, 579. 
Dead plate, boiler, 213. 
Deconcentrator, Hagan, 569. 
Degasification, 579. 
Demand factors, 865. 
Densimeter, 565. 
Density of air, 994. 
Depreciation, rate of, 876. 
Diagram factor, 980. 
Diaphragm valve, 767. 
Diesel-engine plant, 1. 
Differential traps, 700. 
Directly fired superheater, 187. 
Disc-valve pump, 633. 
Dise water meter, 819. 
Distillation of feedwater, 600. 
Divergent nozzle, 438. 
Diversity factor, 866. 
Domes on steam boilers, 122. 
Double-arch bridgewall, 218. 
Double-flow steam turbine, 478. 
Down-draft furnace, 222. 
Draft, available, 302. 
balanced, 352, 370. 
chimney, 297. 
combined chimney and forced, 352.. 
Ellis and Eaves system, 347. 
fans for, 342-372. 
for various fuels, 157. 
forced, 343-355. 
friction loss, 301. 
Howden system, 348. 
induced, 348-355. 
influence on boiler rating, 343. 
influence on rate of combustion, 157. 
loss in boilers, 63. 
mechanical, 342-372. 
Pratt system, 351. 
static, 297, 355. 
steam jets, 343. 
theoretical intensity of, 343. 
Draft gages, 836-838. 
Bailey recording, 837. 
Ellison differential, 836. 
plain U-tube, 836. 











Draft gages, Precision “3 in 1,” 837. 
Drains, office buildings, 705. 
Drip pockets, 687. 

Drips, high pressure, 695. 
low pressure, 695. 
removal of oil from, 693. 

Dryers, powdered coal, 244. 

Dulong’s formula, 47. 

Dummy pistons, 469, 474. 

Duplex coal valve, 295. 
steam pump, 628. 

Dutch ovens, 217. 

Duty, pump, 641. 

Dynamic pressure, 355. 

Dynamometers, 846. 


E. 


Economical loading of boilers, 166. 
Economizers (fuel), 607-617. 
Babcock & Wilcox, 608. 
coefficient of heat transfer, 617. 
Foster, 609. 
gas velocity in, 617. 
_ Green, 607. 
heat transmission in, 617. 
independent, 606. 
integral, 606. 
pressure drop through, 616. 
tests of, 616. 
value of, 614. 
Efficiencies, efficiency (see names of ap- 
paratus in question). 
Ejector condenser, 511. 
Ejector, ash, 281. 
Shone, 705. 
Electrical power, cost of (see Power costs). 
Electric-resistance pyrometer, 840. 
Elementary power plants, 1-24. 
piston engine, condensing, 8. 
non-condensing, 2. 
heat and power, 6. 
turbo-alternator, 11. 
Elementary theory (see name of ap- 
paratus). 
Ellis and Eaves draft system, 350. 
Embrittlement of metals, 567. 
Emergency governors (see name of ap- 
paratus in question), 
valves, 768. 
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Emulsion tests of oils, 790, 
Engines (steam), 373-428, 
Ames uniflow, 423. 
back pressure in, 390. 
binary vapor, 412. 
clearance volume, 387. 
compound, 408, 416. 
compression, effect of, 387. 
condensers for (see Condensers). 
condensing, economy of, 399. 
correction factors, 397. 
cost of, 876. . 
cylinder condensation, loss by, 385 
cylinder efficiency, 383. : 
decreasing back pressure in, 399. 
economic performance of, 410-424, 
effect of moisture on economy, 391, 
efficiencies of, 376. 
exhaust, loss in, 392. 
four valve, 415. 
friction in, 391. 
heat consumption of, 379. 
heat losses in, 384. 
high speed, 413. 
ideal cycles for, 374. 
initial condensation, 385. 
incomplete expansion, 389, 
increasing back pressure, 399. 
increasing economy, methods of, 
increasing initial pressure, 395. 
increasing rotative speed, 398. 
indicated horsepower, 377. 
indicated steam consumption, 985, 
intermediate reheating, 406. 
jacketing, 404. 
leakage loss, 387. 
locomobile, 425. 
logarithmic diagram for, 981. 
losses in, 384. 
low speed, 416. 
mean effective pressure, 979, 
mechanical efficiency, 381, 
medium speed, 416, 
moisture at admission, 391, 
non-condensing, 413-420, 
poppet valve, 415. 
pressure, increasing initial in, 895, 
Prosser, 406. 
pumping, 418, ” « 
quadruple expansion, 418. ij 







Engines, radiation losses in, 392. 
Rankine cycle for, 382. 
Rankine cycle ratio, 375. 
receivers for, 406. 
regenerative cycle, 972, 988. 
reheating cycle, 986. 
rotary, 425. 
selection of type, 426. 
simple, 413. 
steam consumption, 377. 
superheated steam, 401. 
thermal efficiency of, 380. 
thermodynamics of, 965-999. 
triple-expansion, 418. 
uniflow engines, 410-425. 

Ames, 423. 
Harrisburgh, 424. 
Mesta, 420. 
Murray, 422. 
performance of, 421. 
Universal, 421. 
water rate, 377. 
Willans line, 377. 
wire drawing, 390. 
Entropy, 949. 
Evaporation, cooling pond, 549. 
factor of, 143. 
latent heat of, 939. 
rate of, boilers, 79. 
total heat of, 940. 
unit of, 144. 
Evaporators, double effect, 604. 
Elliot, 602. 
film, 603. 
flash, 602. 
high-heat level, 600. 
Lillie, 602. 
low-heat level, 600. 
multi-effect, 601. 
Reilly, 603. 
single effect, 601. 
submerged, 603. 
triple-effect, 605. 
Evasé stack, 351. 
Excess air in combustion, 92. 
Excess-pressure governor, 682. 
Exciters, 11. 
Pxhauster, steam jet, 343, 
Exhaust head, 604, 
Exhaust steam, heat losses in, 802, 
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Exhaust steam, heating plant, 6, 740, 
Expanding nozzle, 438, 
Expansion, loss due incomplete, 880, 
joints, 731. 
pipe materials, 724. 
ratio of, 408. 
steam, 954-961. 
Expectancy, 882. 
Extra-strong pipe, 710. 
Extraction heater, 623. 
steam turbine, 482. 


F. 


Factor of evaporation, 143. 

Fan draft, 359-372. 
control, 369-372. 

balanced draft, 370. 
Hagan, 371. 
Hess-Benjamin, 371. 
Merrit, 292. 
Moore, 291. 

Fans (centrifugal), 359-372. 
balanced draft, 352, 370. 
Buffalo conoidal, 365. 
capacities of, 360-365. 
characteristics, 360-365. 
cinder eliminator, 350. 
Coppus “ Vano,”’ 354. 
efficiencies of, 360. 

manometric, 360. 

mechanical, 361. 

volumetric, 360. 
forced draft, 359-372. 
full backward tip, 368. 
horsepower of, 359. 
induced draft, 343-353. 
multi-vane, 353. 
performance of, 362. 
pressures in, 355-356. 

dynamic, 355. 

static, 355. 

velocity, 355. 
radial tip, 367. 
selection of, 366. 
Sirocco, 353, 368. 
steel plate, 353, 368. 
theory of, 355. 
turbo undergrate, 346, 
types of, 853, 
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Feedwater, 559. 
analysis of, 561. 
boiler compounds for, 572. 
boiler troubles from, 569. 
chemical purification of, 571. 
corrosion from, 566. 
distillation of, 600. 
economy of preheating, 581. 
embrittlement from, 567. 
filtration of, 568, 


foaming and priming caused by, 567. 


gas content, 560. 
general treatment of, 568. 
hardness measure of, 563. 
heaters, 582-596. 
arrangement of, 596. 
atmospheric, 582. 
bleeder, 623. 
choice of, 595. 
classification of, 582. 
closed, 587. 
Berryman, 588. 
coefficient of heat transfer, 591. 
coil, 588. : 
economizers, 606. 
film, 587. 
gland, 461. 
heat transmission, 589. 
multi-flow, 587. 
National, 588. 
oil, 593. 
Otis, 588. 
parallel current, 587. 
Reilly, 588. 
single-flow, 587. 
steam tube, 589. 
temperature gradient in, 591. 
types of, 587. ; 
coefficient of heat transfer in, 591. 
coil, 588. 
economizers (see Economizers). 
exhaust steam, 582. 
extraction heater, 200. 
film, 589. 
flue gas, 606, 618. 
heat transmission in, 589, 
induced, 583. 
live steam, 599. 
open, 582-586. 
atmospheric, 582. 
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Feedwater heaters, open, Cochrane, 583 
heat exchange in, 584. 
Hoppes, 584. 
induced, 583. 
live steam, 599. 
pan surface for, 586. 
primary, 582. 
secondary, 582. 
size of shell, 586. 
temperature rise in, 585. 
through, 583. 
vacuum, 582. 
vs. closed, 595. 

primary, 582. 
secondary, 582. 
steam tube, 588. 
hypothetical combinations, 560. 
impurities in, 560. 
internal corrosion caused by, 566. 
ions, 560. 
permanent hardness of, 563. 
piping, 747, 
preheating, 570. 
purifiers and softeners, 574-577. 
chemicals for, 574. 
cold process, 574. 
hot process, 574. 
Permutit system, 576. 
Sorge-Cochrane, 575. 
zeolite, 576. 
regulators, 683. 
Copes, 685. 
“c S-C i 684. 
Stets, 683. 
scale from, 565. 
scale produced by, 565. 
soap solution for testing hardness, {¢ 
softening, 574, 
temporary hardness, 563. 
thermal purification of, 570, 
treatment, 568. 
weighing of, 817, 
Film evaporators, 603. 
heaters, 589. 
Filters, oil, 808. 
Filtration, 568. 
Fire thickness, 160, . f 
Fire, temperature of, 88, 
Fire box boiler, 117, ' 
Fire test, oils, 61, 


Fires, banking, 110. 

Fittings, pipe, 715-720. 

Fixed carbon, 28. 

Fixed charges, 872. 

Flanges, pipe, 717. 

Flash evaporators, 602. 

Flash point of oils, 61. 

Flight conveyor, 266. 

Float trap, 697. 

Flow factor, 485. 

Flow meters, 816-825. 
steam, nozzles, 437. 
pipes, 750. 
water-pipes, 758. 

Flue gas analysis, 84, 847. 
apparatus, 847-852. 
Dwight, 848. 
electric, 851. 

Engelhardt, 851. 
Hempel, 848. 
Orsat, 847. 
Republic, 849. 
Uehling, 851. 
composition of, 84. 
heat loss in, 91. 
heaters, 92. 
temperatures of, 165. 

Fly-wheel pumps, 644. 

Foaming in boilers, 567. 

Follow-up governor, 682. 

Foot valves, 776. 

Forced capacities of boilers, 159. 

Forced draft, 342-369. 

Foundation bolts, steel stacks, 323. 

Foundation, chimney, 340. 

Fountain, spray, 551. 

Free burning coal, 41. 
hydrogen, 30. 
oxygen, 30. 

Friction in engines, 392. 
pipe fittings, 756. 

Friction in pipes, 750. 

Friction tests of oils, 795. 

Fuel, calorimeters, 856. 
cost of (see Power costs). 

Fuel oil, 57-68, 252-259, 
advantages of, as boiler fuel, 62. 
analysis of, 60, 
atomization of, 252, 
Baumé soale for, 61, 778, 
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Fuel oil, boiler feeding systems, 289-293. 
boiler tests with, 152. 
burners, 252-260. 

B and W “Sandiego,” 256, 

Coen, 255. 

Enco, 254. 

Foerst, 253. 

Hammel, 253. 

Koerting, 255. 

mechanical, 255. 

National, 253. 

Peabody, 254. 

steam, 253. 

tests of, 256. 
chemical properties, 60. 
efficiencies of boilers burning, 152. 
furnaces, 257-260. 

back shot, 258. 

front feed, 259. 

Hammel, 258. 

Narragansett, 258. 

Peabody, 259. 

volume for, 258. 
heating value and gravity of, 60, 61. 
physical properties of, 60. 
source of supply, 58. 

Fuel ratio, 34. - 

Fuel, weighing, 814. 

Fuel, calorific value of, 38. 
classification of, 25. 
colloidal, 31. 

" gaseous, 64. 
liquid, 57. 
powdered, 54. 
solid, 26. 
storage of, 118. 

Fuller-Kinyon conveyor, 289. 

Furnace arches, 208. 
front walls, 207. 
side walls, 207. 
temperature, 87. 
volume, 211. 

Furnaces, 206-230. 
anthracite, hand-fired, 215. 
Chambers, 221. 

Chicago settings, 217. 
Colfax station, 209. 
Delaware station, 210, 
double-arch bridgewall, 218. 
down draft, 222, 
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Furnaces, Dutch oven, 217) 
front-wall construction, 207. 
Hammel oil fired, 258. 
hand-fired, 214. 

Hawley down draft, 222. 
Misostow, 220. 
Murphy smokeless, 235. 
oil fuel, 258. 
powdered coal, 250. 
side-wall construction, 207. 
smokeless, 217. 
steam jets for, 216. 
stoker-fired, 223. 
wind-wall, 220. 
Fusible plugs, 174. 
Fusibility of ash, 46, 53. 


G. 


Gage cocks, 174. 
Gages, pressure, 836. 
water-level, 173. 
Gallows-frame suspension, 122. ° 
Gannister packing, 339. 
Garbage as fuel, 67. 
Gas content of surface water, 560. 
Gas oil, 60. 
Gate valves, 763. 
Galvanometer, 840. 
Globe valves, 762. 
Glow point, 68. 
Going value, 886. 
Goudie’s formula, 440. 
Governors (see name of apparatus in 
question). 
Grab buckets, 277. 
Grashof’s formula, 4389. 
Grate bars, 213. 
surface, 212. 
Grates, fuel loss through, 99. 
rocking, 213. 
stationary, 212. 
traveling, 226. 
Greases, 781. 
Grease extractor, 694. 
Guyed stacks, 316. 


Et. 
Hand-fired furnaces, 214-219. 


‘Hand hole, boiler, 125-126. 
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Hand shoveling, 265. 

Hangers for piping, 732. 

Hardness test, feedwater, 563. 

Header, main steam, 739. 

Heat balance, boilers, 103. 

Connor’s Creek Station, 621. 
Delaware Station, 620. 
station, 619. 

Heat-flow diagrams, 622-624. 

Heat losses, bare pipe, 735. 
combustion of coal, 90. 
dry flue gases, 91. 
fuel in ash, 99. 
hydrogen in fuel, 95. 
incomplete combustion, 96. 
inherent, 106. 
moisture in air, 95. 
moisture in fuel, 93. 
radiation, 103. 
preventable, 108. 
visible smoke, 101. 
covered pipe, 735. 

Heat transmission, boilers, 135. 
condensers, 595. 
economizers, 617. 
feedwater heaters, 591. 
piping, 735. 
superheaters, 199. 

Heater, extraction, 624. 

Heaters, feedwater (see Feed 

heaters). 

Heating surface, boiler, 135. 

Heating systems, 746. 
Webster, 746. 

Heating value of fuels, 38, 60. 

Height of chimneys, 297. 

High pressures (boiler), 127. 

High-pressure drips, 695. 

High-speed engines, 413. 

High-water alarm, 174. 

High-vacuum condensers, 508. 
pumps, 668. 

Hoist and trolley, 277. 

Holly loop, 703. 

Horsepower, boiler, 143. 

Horizontal tubular boilers, 121, 

Hot process softener, 575. 

Hotwell depression, 524, 
pumps, 679. 
Humidity, relative, 1000, 
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Hurling water pumps, 668. 

Hydraulic air pump, 668. 
governors, 458. 
packing, 636. 

Hydrogen, available, 30. 
combustion data, 69, 73. 
free, 30. 
heat loss, coal, 95. 
heating value, 69, 73. 
total, 30. 

Hydrometer, Baumé, 61, 788. 

Hydrostatic lubricator, 800. 

Hygrometry, 1000. 

Hypothetical compounds, 563. 


I. 


Ideal engine cycle, 966-999. 
Ideal feedwater temperature, 379. 
Ignition temperatures, 68. 
Impellers for centrifugal pumps, 655. 
fans, 353. 
Impurities in feedwater, 559. 
Impulse turbines, 435-454. 
Inadequacy, 876. 
Incomplete combustion, 96. 
Incomplete expansion, 389. 
Increasing back pressure, 399. 
Independently-fired superheater, 187. 
Indicated horsepower, 377, 980. 
Indirectly-fired superheater, 187. 
Induced draft, 343. 
heaters, 581. 
Inherent furnace losses, 106. 
Initial condensation, 385. 
Injectors (steam), 647-651. 
automatic, 648. 
performance of, 649. 
positive, 648. 
vs. steam pumps, 650. 
Insurance (power cost), 875. 
Interest charges, 873. 
Intermediate reheating, 406. 
Intermittent, oil feed, 796. 
Internal corrosion, 566. 
Tons, properties of, 562. 
Isolated station, dof., 2. , 
Isolated stations, cost of power, 905- 


908. 
Jnothormal change of state, 957, 


J. 


Jackets, steam engine, 404, 

Jet condensers (see Condensers, jet). 
pumps, 647, 668. 

Jets, steam, 216, 438. 
kinetic energy of steam, 438. 
velocity of steam, 438. 


K. 


Kent’s chimney formula, 312. 
Kern, 330. 

Kiln, rotary, 243. 

Kindling temperature of fuels, 68. 


L. 


Labor, cost of, in power plants, 896. 
Labyrinth packing, 461. 
Larries, 293. 
Leakage of air in condensers, 531. 
steam in engines, 387. 
Life of power-plant appliances, 878. 
Lignite, 43. 
Lime-soda treatment, 574. 
Live-steam feedwater heaters, 597. 
separators (see Separators, steam). 
Load curves, 865-890. 
factors, 866. 
Locomobile, 425. 
Logarithmic diagram, 980. 
mean temperature difference, 532, 612 
Loop header, 742. 
Loop, Holly, 703. 
steam, 702. 
Loss of heat, bare pipes, 735. 
combustion of fuels, 90. 
covered pipe, 735. 
steam engines, 384. 
Losses, standby, 108. 
Low-level jet condenser, 507. 
Low-pressure drips, 695. 
turbines, 479. 
Low-speed engines, 416. 
Low-water alarm, 174. 
Lubricants, 780. 
animal fats, 780. 
chemical tests, 785. 
acids, 786, 
carbon residue, 787 
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Lubricants, chemical tests, corrosion, 
787. 
effect of heat, 787. ° 
reaction, 788. 
saponification, 786, 
sulphur, 785. 
graphite, 783. 
greases, 781, 802. 
mineral oils, 781. 
physical characteristics of, 793. 
physical tests, 788-796. 
cloud and pour, 790. 
cold, 790. 
color, 788. 
demulsibility, 791. 
emulsion, 790. 
flash point, 789. 
fire, 790. 
friction, 795. 
gravity, 788. 
odor, 788. 
precipitation, 792. 
viscosity, 792. 
qualifications of good, 784. 
solid, 783. 
testing, 785-796. 
vegetable oils, 780. 
service tests, 795. 
Lubrication, 796. 
atmospheric surface, 796. 
centrifugal oiler, 798. 
compressed air feed, 804. 
intermittent feed, 796. 
gravity oil feed, 803. 
low-pressure gravity feed, 803. 
oil bath, 796. 
oil cups, 797. 
oil purification, 808. 
pendulum oiler, 798. 
restricted feed, 796. 
ring oiler, 797. 
specifications, 798. 
splash, 798. 
telescopic oiler, 797. 
central systems, 805-807. 
Allis-Chalmers turbine, 807. 
Curtis turbine, 806. 
piston engine plant, 805. 
cost of, 901. 
cylinder, 799. 
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Lubrication, cylinder, hydrostatic, 800 
forced feed, 800. 


M. 


Main exciter, 11. 
Mains, steam, 739. 
Maintenance, 874. 
Manometric efficiency, 360. 
Marks and Davis’ steam tables, 945. 
Materials, brick chimneys, 329. 
pipes and fittings, 706. 
superheaters, 197. 
Maximum demand, 865. 
Mean specific heat, air, 89. 
gases, 89. 
superheated steam, 941. 
water, 939. 
Mean temperature difference, arithm 
532, 612. 
exponential, 533, 612. 
logarithmic, 532, 612. 
Mechanical boiler tube cleaners, 179, 
draft (see Fans). 
efficiency of fans, 361. 
engines, 381. 
pumps, 637. 
purification of feed water, 559-580, 
stokers (see Stokers). 
Meters, coal, 814. 
steam, 828-836. 
Bailey, 833. 
classification of flow, 816. 
Cochrane, 834. 
G-E, 830, 832. 
Hyperbo, 835. 
Republic, 829. 
St. Johns, 835. 
water, 819-823. 
Cadillac, 820. 
Nash, 819. 
orifice, 824. 
Simplex, 823. 
Weir, 825. 
V-notch, 826. 
Venturi, 821. 
Wilcox, 818. 
Worthington, 818. 
Millivoltmeter, 841, 
Mineral oils, 781, 





Missing quantity, 385. 
Mixed-pressure turbines, 481. 
Moisture, air, 906. 
combined, 30. 
fuel, 27, 30. 
steam, 937. 
total, 30. 
Mollier diagram, 953. 
Multi-stage centrifugal pumps, 656. 
steam turbines, 447, 454. 


N. 


Napier’s rule, flow of steam, 773. 
Natural draft, chimney, 297. 
cooling tower, 554. 
Natural gas, properties of, 64. 
Navy boiler compound, 573. 
Nitrogen, in air, 70. 
in coal, 38. 
properties of, 69. 
Non-condensing, engine tests, 378. 
plants, elementary, 1-20. 
feed-water heating, 581-589. 
Non-return valves, 769. 
Nozzles, convergent, 437. 
expanding, 438. 
expansion ratio, 440. 
flow of steam through, 346, 439. 
water through, 758. 
friction in, 441. 
mouth error of, 438. 


steam turbine (see name of turbine). 


O. 


Obsolescence, 876. ‘ 
Oil, burners (see Fuel oil). 
fuel (see Fuel oil). 
piping, 290. 
purification, 808. 
relay governor, 458-470. 
separators, 693. 
Oiling systems (see Lubrication). 
Oils (see Lubricants). 
Open heater vs. closed, 595, 
Open heaters, 588, , 
Open-top conveyor, 267. 
Operating coats, 880-008 
Optical pyrometer, 842, 
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Orifices, flow of steam through, 439. 

flow of water through, 758. 
Orsat apparatus, 847. 
Output and load factor, 864. 
Oven, Dutch, 217. 
Overfeed stokers, 232. 
Overhead charges, 872. 
Overload capacity, boilers, 159. 
Oxygen, in air, 70. 

in coal, 38. 

in flue gases, 84. 

properties of, 69. 
Oxygen-hydrogen ratio, 34. 


P. 


Packing, pump, 636. 
Pan conveyor, 267. 
surface, open heater, 586. 
Parallel current condenser, 507. 
Parallel flow, economizers, 613. 
Peat, 43. 
Pendulum oiler, 298. 
Permanent statistics, power plant, 862. 
Permutit feedwater purification, 578. 
Pipe, pipes, 706. 
anchors, 731. 
and fittings, 706. 
bends, 727. 
expansion, 730. 
minimum dimension, 728. 
brass, 709. 
bursting strength of, 712. 
cast-iron, 708. 
cast-steel, 708. 
copper, 709. 
coverings, 735. 
heat loss through, 735. 
drains, 693. 
drawings, 706. 
expansion, 724. 
flanges, 717. 
American Standard, 717. 
types of, 717. 
fittings, 706. ; 
flow of steam in, 750. 
flow of water in, 758. 
friction in, 750, 758. 
heat conduction through, 735. 
materials for, 706. 
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Pipe, pressure drop in, 750. 

riveted, 712. 

screw threads for, 716. 

size of, 711. 

steel, 707. 

supports, 731. 

Sargol joint for, 719. 

Van Stone joint for, 717. 

welded joints for, 724. 

wrought iron, 707. 

wrought steel, 707. 
corrosion of, 708. 
double extra strong, 710. 
extra strong, 710. 
large O. D., 713. 
standard, 711, 713. 

Piping, 739-750. 

blow-off, 772, 775. 

condenser, 745. 

duplicate system, 741. 

exhaust steam, 745. 

feed water, 747. 

heating systems, 746. 

high-pressure steam, 739. 

oil, 290. 

loop in ring header, 742. 

single header, 740. 

specifications, 922. 

spider system, 741. 


steam, examples of, 740-750. 


Pistons, water, 635. 
Pitot tubes, 356. 


Pivoted-bucket conveyors, 272. 
Polytropic change of state, 961. 


Ponds, cooling, 549. 
Pop safety valves, 772. 
Poppet-valve engine, 415. 
Positive injectors, 647. 
Potentiometer, 841. 
Powdered coal, 54, 242. 
advantages of, 55. 
burners, 247. 
cost of preparing, 56. 
dryers, 243. 
fineness for boiler fuel, 243. 
furnaces, 250. ; 
depreciation of, 251. 
grinders, 246. 
preparation, 242. 
storing, 56, 243. 
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Power costs, 860-890. 
amortization, 876. 
attendance, 896. 
bibliography, 1012. 
central stations, 889-897. 

California Edison, 892. 


Commonwealth Edison, 889. 


Detroit Edison, 891, 897. 
Massachusetts, 894, 900. 
demand factors, 865. 
depreciation, 876. 
diversity factor, 867. 
expectancy, 883. 
fixed charges, 872. 
fuel costs, 897-898. 
general remarks, 906 
going value, 886. 
inadequacy, 876. 
insurance, 875. 
interest, 873. 
isolated stations, 905, 908. 
initial cost, 902. 
labor, 896. 
life of equipment, 878. 
load factors, 864. 
maintenance, 874, 901. 
manufacturing plants, 905. 
maximum demand, 865. 
obsolescence, 876. 
oil, waste, etc., 901. 
operating costs, 889-908. 
records, 860. 
output and load factor, 864, 
permanent statistics, 862. 
power factor, 869. 
records, 860. 
repairs, 901. 
replacement, 883. 
sinking fund, 881. 
station load factor, 865. 
station output factor, 865, 
steam heating, 907. 
straight line depreciation, 879, 
system load factor, 865. 
taxes, 875. 
turbo-electric plants, 888-900, 
unit cost, depreciation, 886, 
wages, 896, 
Power driven pumps, 644, 
Power measurements, 845, 
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Power plant design, elements of, 901. 
refinement in, 906. 
Power plants, elementary, 1-20. 
transmission losses, 22. 
typical central stations, 9-20. 
typical isolated stations, 2-9. 
Preboiler, 606. 
Preheated air, 92, 610, 618. 
Preheaters, 618. 
Pressure drops in, boilers, 163. 
condensers, 525. 
economizers, 610. 
piping, steam, 751. 
water, 760. 
Pressure regulator, 681. 
Pressures, high boiler, 399, 492. 
Preventable combustion losses, 106. 
Primary heaters, 582. 
Products of combustion, 79. 


Properties of air (see Air, properties of). 


fuel oil, 58. 
‘gases, 64. 
lubricating oil, 793. 
steam (see Steam, properties of). 
Protective coatings, 579. 
Proximate analysis, 26. 
Psychrometric chart, 998. 
Pulsometer, 646. 
Pulverized fuel (see Powdered fuel). 
Pump governor, 681. 
Pumping engine tests, 419. 
Pumps, 627-686. 
air (see Pumps, vacuum). 
air chambers for, 634. 
air lift, 680. 
boiler-feed, 630, 678. 
centrifugal, 652. 
direct-acting, 630. 
duplex, 630. 
Marsh, 632. 
performance of, 637, 676. 
simplex, 632. 
size of, 641. 
steam-end, duplex, 631. 
tests of, 637. 
valve-gear, duplex, 631, 
classification of, 627. 
centrifugal, 652-659, 
boiler-feed, 678. 
characteristics of, O61, 
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Pumps, centrifugal, circulating, 675. 


condensate, 679. 
hotwell, 679. 
impellers for, 655. 
multi-stage, 656. 
performance of, 657. 
power requirements, 657, 
Rees-roturbo, 663. 
single stage, 655. 
turbine, 666. 
volute, 654. 
Worthington, 3-stage, 656. 
circulating, 675. 
condensate, 679. 
dry vacuum, 668. 
duplex piston, 629. 
duty of, 641. 
efficiencies of, 638, 657. 
electric driven piston, 645. 
fly wheel, 645. 
geared piston, 645. 
governors for, 681. 
hotwell, 679. 
hurling water, 669. 
hydraulic air, 669. 
injector (see Injectors). 
jet, 670. 
outside packed plunger, 637. 
packing for piston, 635. 
performance of, 637, 676. 
plungers for, 636. 
pulsometer, 646. 
reciprocating piston, 630. 
air (see Pumps, vacuum). 
air chambers for, 635. 
boiler-feed, 630. ~ 
compound duplex, 633. 
duplex, 630. 
duty, 641. 
efficiencies, 638. 
electric driven, 645. 
fly-wheel, 645. 
geared, 645. 
governors, 681. 
Marsh simplex, 632. 
outside packed, 637. 
performance of, 637. 
piston packing, 635. 
plungers, 636, 
power driven, 644, 
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Pumps, reciprocating piston, simplex, 
632. 
size of boiler-feed, 641. 
slip, 642. 
steam end, 631. 
tests of, 637. 
water end, 634. 
rotary, 651. 
rotrex, 665. 
simplex steam, 632. 
slip in, 642. 
steam jet vacuum, 668. 
tail, 667. 
triplex, 645. 
vacuum, 661-669. 
air handled by, 673. 
centrifugal-hydraulic, 669. 
Dean, 662. 
dry, 668. 
Edwards, 663. 
hurling water, 669. 
hydraulic, 669. 
Laidlaw, 668. 
Leblanc, 669. 
performance of, 675. 
radojet, 671. 
Rees-roturbo, 663. 
rotrex, 665. 
size of, 665. 
steam jet, 670. 
turbo-air, 669. 
Westinghouse jet, 672. 
wet, 662. 
Wheeler, 669. 
Worthington, 669. 
wet-vacuum, 662. 
Purchasing coal, 52. 
Purification, feed-water, 559-581. 
Purifiers, live steam, 597. 
Purifying plants, feed-water, 574. 
Pyrometers, air, 841. 
bi-metallic, 843. 
galvanometer, 840. 
optical, 842. 
potentiometer, 841. 
radiation, 843. 
resistance, 842. 
thermo-electric, 841. 
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Q. 


Quadruple-expansion engines, 408, 
Quality of steam, 937. 


R. 


Radial brick chimneys, 333. 
Radial flow condensers, 521. 
Radiant superheater, 194. 
Radiation, heat transmitted by, 88. 
Radiation losses, boilers, 103. 
engines, 392. 
pyrometers, 843. 
Radius of statical moment, 330. 
Radojet pump, 671, 673. 
Rankine cycles, 494. 
Rate of combustion, 152. 
depreciation, 876. 
driving boilers, 159. 
Rating of boilers, 144. 
Ratio of expansion, 408. 
Reaction turbines, 466. 
Receiver reheaters, 406. 
Reciprocating engines (see Engines, j 
Records, power plant, 860-880. 


Recording apparatus (see name of app 


tus in question). 

Reduction gears, 450. 
Regenerator accumulator, 479, 
Regenerative cycle, 494. 
Regulators, damper, 176. 

feedwater, 684. 
ps is cycle, 492, 

inforced concrete chimne : 
Relative humidity, 1000. 7" 
Relief valves, 776. 
Repairs, cost of, 901. 
Replacement, 883. 
Return traps, 702. 
Return-tubular boilers, 121, 

specifications for, 914, 
Returns tank, 7. 
Ring oilers, 797. 
Ring steam jet, 344, 
Ringelmann smoke chart, 857, 
Riveted joints, chimney, 323, 
Rotary engines, 425, 

pumps, 651, 











8. 
Safety plugs, 174. 

Safety valves, 772. 
capacity of, 773. 
dead weight, 772. 
lever, 772. 
pop, 772. 

Sargol joint, 719. 

Saturated air, properties of, 995. 

_ surface condensers, 539. 

Saturated steam, properties of (see Steam, 

properties of). 

Sawdust as fuel, 44. 

Scale, analysis of boiler, 561. 
influence on heat transmission, 566. 
methods for removing, 568. 

Scotch marine boiler, 118. 

Scraper conveyors, 267. 

Screens, traveling, 557. 

Screw conveyors, 266. 
pump, 652. 

Screwed fittings, 708. 

Secondary heaters, 582. 

Seger cones, 839. 

Semi-anthracite coals, 37. 
-bituminous coals, 37. 

Separating calorimeters, 855. 

Separators, 687. 

live steam, 689-692. 
Austin, 691. 
baffle, 691. 
Bundy, 691. 
centrifugal, 690. 
classification of, 689. 
“Direct,” 692. 
exhaust heads, 694. 
Hoppes, 689. 
Keystone, 690. 
location of, 692. 
mesh, 692. 
reverse current, 689. 
Stratton, 690. 
Swartout, 690. 
Tracy, 691. 
types of, 689. 
oil, 698. 

Loew, 694, 

Service testa, lubricants, 795, 

Settings, boiler, 200-242, 


Bhaking graton, 213. 
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Side feed stokers, 282. 
Simplex coal valve, 295, 
steam pumps, 632. 
Sinking fund, 877. 
Single-stage pumps, 654. 
turbines, 435. 
Siphon condensers, 515. 
traps, 701. 
Skimmers, 175. 
Skip hoist, 276. : 
Slagging of powdered coal, 56. 
Slip expansion joint, 731. 
Slip in pumps, 637. 
Smoke, cause of visible, 101. 
chart, 857. 
chemical elements in visible, 102. 
determination of, 857. 
distribution in Chicago, 102. 
loss due to visible, 101. 
recorder, 858. 
Ringelmann chart, 857. 
solids in visible, 102. 
units, 858. 
Smokeless furnaces (see Furnaces). 
Soap, standard solution, 563. 
Softeners, feedwater, 574. 
Solid lubricants, 783. 
Solids in visible smoke, 101. 
Soot blowers, 177. 
Soot, loss due to, 101. 
Space, air, in grate bars, 213. 
Specific gravity, Baumé, 61, 788. 
fuel oils, 58. 
lubricating oils, 788. 
Specific heat, air, 89. 
gases, 89. 
saturated steam, 941. 
superheated steam, 941. 
water, 939. 
Specific volume, steam, 938. 
Specifications, typical boiler, 914. 
piping for central station, 922. 
Speed, economy of increasing, 398. 
measurements of, 844. 
Spider system of piping, 741. 
Splash lubrication, 799. 
Spontaneous combustion, 262. 
Spray fountain, 551. 
Stability, brick chimneys, 330, 
atool chimneys, 8238, 
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Stacks (see Chimneys). 
Standby losses in boilers, 108. 
Station load factor, 865. 
Steam, boilers (sce Boilers, steam). 
calorimeters, 854. 
condensers (see Condensers). 
consumption of engines, 377. 
pumps, 637. 
turbines, 486. 
domes on boilers, 122. 
electric power plants, power cost, 
engines (see HMngines, steam). 
flow in pipes, 750. 
through divergent nozzles, 438. 
nozzles, 439. 
orifices, 439. 
gages, 836. 
jet blower, 343-345. 
jet conveyor, 281. 
jets, 281, 343. 
loop, 703. 
mains, 739. 
piping, 706. 


properties of saturated and superheated - 


936-953. 
entropy, 942. 
heat of liquid, 939. 
latent heat, 939. 
Mollier diagram, 953. 
notations, 936. 
quality, 937. 
specific heats, 941. 
standard units, 936. 
tables, saturated, 945. 
superheated, 950. 
temperature-pressure, 937. 
pumps (see Pumps). 
purifiers, Tracy, 691. 
separators (see Separators). 
traps (see Traps, steam). 
tube heaters, 589. 
turbines (see Turbines, steam). 
Steel chimneys, 317. 
concrete chimneys, 334. 
Stoker drives, 241. 
Stokers, 223-240. 
chain grates, 226. 
cost of, 902. 
Coxe, 227. 
front feed, 232. 


INDEX 


Stokers, Green, 229. 
hand operated, 223. 
Harrington, 230. 
Illinois, 228. 
Jones, 236. 
mechanical, 224-240, 
Murphy, 235. 
National, 223. 
overfeed, 232. 
Riley, 239. 
Roney, 233. 
side-feed, 234. 
Taylor, 238. 
traveling grate, 226. 
Type “E,” 237. 
underfeed, 235-243. 
Westinghouse, 239. 
Wilkinson, 233. 
Wetzel, 232. 
Stop valves, 763. 
Storage, coal, 261. 
fuel oil, 261. 
Straight-line depreciation, 879. 
Straw, fuel value, 45. 
Stress-strain diagram (Turneaure 
Maurer), 337. 
Sub-bituminous coal, 43. 
Sulphur, combustion data, 75. 
in coal, 38. 
in lubricants, determination of, Mee 
in visible smoke, 102. 
Superheat, advantages of, 182, 
economy of, 184. 
limit of, 185. 
Superheated steam, properties of, 
953. 
Superheaters, 182-205. 
Babcock & Wilcox, 188. 
coefficient of heat transerf in, 200, 
convection, 183-190, 
duplex, 189. 
Elesco, 190. 
flooding device for, 189, 
Foster, 193. 
heat transmission in, 199. 
Heine, 195. ’ 
high and low pressure, 196, 
independently fired, 187, 
integral, 187, ‘a 
materials for, 197, ‘ 







INDEX 


Superheaters, performance of, 202. 
radiant type, 194. 
temperature range of gases in, 200. 
types of, 186. 
Superheating moisture in air, “Joss due to, 
95. 
surface, materials for, 197. 
extent of, 199. 
Superpower plant, 23. 
Superstoker, 241. 
Supports, pipe, 731. 
Surface blow, 175. 
Surface condensers (see Condensers). 
Surface, cooling for condensers, 525. 
heating for boilers, 135. 
economizer, 606-614. 
feed-water heaters, 589. 
superheaters, 199. 
Suspended boiler setting, 122-128. 


T. 


Tachometers, 845. 
Tail pipe, 511. 
Tanbark, fuel value, 45. 
Tank, blow off, 175. 
returns, 7. 
Taxes, 875. 
Telescopic oiler, 797. 
Telpherage, 276. 
Temperature, combustion, 87. 
drop in boilers, 165. 
entropy diagram, 966-999. 
flue gas, forced ratings, 165. 
gradient in economizers, 612. 
in heaters, 591. 
initial, influence of, 136. 
kindling, fuels, 69. 
measurements, 840. 
pressure, steam, 937. 
Temporary hardness, feedwaters, 563. 
Testing instruments, 812-840. 
Tests, air pumps, 675. 
blowers, 362, 
boilers, 150-159. 
coal, 88. 
condensers, 513-541, 
cooling ponda, 552, 
econominors, O15, 
engines, 877805, 
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Tests, fuel-oil boilers, 152. 


burners, 256. 
injectors, 650. 
lubricants, 793. 
pipe coverings, 736. 
pumps, 419. 
separators, 690. 
spray fountain, 552. 
steam jets, 343. 
superheaters, 202. 
turbines, 486-497. 
Thermal efficiency, engines, 380, 
purification, feedwater, 570. 
Thermo-couple, 840. 
Thermodynamics, elementary, 954-999. 
change of state, adiabatic, 959. 
constant heat content, 958. 
equal pressure, 954. 
equal volume, 956. 
isothermal, 957. 
polytropic, 961. 
ideal cycles, 966-999. 
Carnot, 966. 
Clausius, 972. 
conventional diagram, 978. 
logarithmic diagram, 980. 
Rankine, 972. 
rectangular, 978. 
regenerative, 493, 988. 
feheating, 493, 986. 
temperature-entropy, 983. 
properties of steam, 936-953. 
steam turbine, 432. 
Thermometers, 838-843. 
electric resistance, 841. 
expansion, 838-841. 
optical, 842. 
radiation, 843. 
thermo-electric, 838. 
Thermostat, Powers, 767. 
Thickness of fire, 160. 
brick chimney, 325. 
steel chimney plates, 320. 
Throttling calorimeter, 854. 
moisture evaporated by, 958. 
energy loss due to, 958. 
Thrust bearing, 476. 
Total moisture in fuel, 30. 


Towers (cooling), Barnard-Wheeler, 553. 


©, 1, Wheeler, 554 
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Town refuse, 67 : : : 

Ae Turbines, Curtis, admissi Turbine, mixed pressure, 481. V. ‘ 
Traps (steam), 697-702, ~ 459, a multi-stage, 447, 454. Vacua, influence of, on engine economy 


bucket, 698. 

Acme, 698. 
classification, 697. 
differential, 700. — 


assembly of valve gear, 460. 
carbon packing, 461. 
elementary theory, 432. 
emergency governor, 460-461. 







oiling systems, 806. 
overload capacity, 490. 
performance of, 499. 
reaction, 466. 


399. 
influence of, on turbine economy, 497, 
Vacuum ash conveyor, 281. 
augmenter, Parsons, 670, 


Fi 
inoue high-pressure packing, 461 elementary theory of, 482. chambers, 635. 
dump, 698 § hydraulic cylinder, 459 [ Westinghouse, 472. corrections for standard conditions, 
? e . > . 
main controllin reduction gears for, 450. 486 
PP te nozzle and ade head ke regenerative cycle, 492. degree of, 505. 
Columbia 699. 456. oa reheater cycle, 492. as affected by air, 504. 
Geipel, 699. performance of, 490-500 _ Ridgway-Rateau, 452. as affected by aqueous vapor, 505. 
te steam belt area, 456. ’ stage velocity, 434. heaters, 582. 
cos hye 3-stage mechanical drive 454. steam consumption of, 499. high condensers, 506. 
Webs al peed 30,000-kw. single cylind eb, 457 superheat in, 492. pumps (see Pumps, vacuum). 
float, 697. A te throttling governor, 454 Terry, 449. Valves, angle, 764. 
tests of, 492-499. atmospheric relief, 776. 


Johns-Manville, 697. 
McDaniel, 697. 


velocity diagram, 464. 
De Laval, 436-448. 
multi-velocity-stage, 448, 





thrust bearing, 476. 
Westinghouse, 450, 472. 


automatic stop, 769. 
back pressure, 775. 


lever, 697. ; 
location of, 701. Bere impulee, 486; mae neat yas pai a 
e assembly, 436. . , 479. check, 770. 
eee ee, 705 elementary cunt ye high-pressure non-condensing, 472. coal, 295. 
types he aor é nozzle, 436. ae impulse, 450. Dean electric control, 766. 
8 Ol, ; ‘ z ; i ion, 472. iaphr: 767. 
Travelin theoretical expanding n impulse-reaction 47 diaphragm, 
brane hoppers, 293. a: g nozzle, labyrinth packing 474. disk, 633. 
: Rise 95 velocity diagra: 4 mixed pressure, 481. emergency, 768. 
Triple-expansion engines, 419. dothdedie gram, 443. ] oil relay governor, 478. foot, 776. 
Triplex pumps, 644. nip te! rf fl 480 
Try cocks, 173. dummy piston, 469, 474, performance of low-pressure, z gate, 763. 
performance of 60,000-kw., 489. globe, 762. 


Tube cleaners, 177. 
Turbine pumps, 652. 
Turbine tube cleaners, 177. 


economy of space, 491. 
efficiencies of, 490-500. 

effect of vacuum on, 497. 

effect of superheat on, 492-497, 


single-flow reaction, 466. 
35,000-kw. assembly, 475. 
Turbo air pumps, 669. 


hydraulically operated, 765. 
non-return, 769. 
‘pressure regulating, 777. 


Turbines (ste. 4 
oleh 7 ey elementary theory, 432. Turf, 43. ; pumps, 633. 
Allis-Ch bide 4 67-470 emergency governors, 461, Turneaure and Maurer, stress diagram, reducing, 777. 

blade lashings mn? ; exhaust steam, 479. 337. remote control, 765. 
oy ° “se 
general assembly, 468, rire ney U. witty 4 
, 763. 


piston packing, 469. 
spindle gland, 470. 
bleeder, 482. 


gland packing, 461, 470, 474, 
heat cycles, 493, 986. 

high initial pressure in, 492, 
house, 621. 


Ultimate analysis, 28. 
Underfeed stokers, 235. 
Uniflow engines, 197, 410. 


Van Stone joint, 718. 
V-bucket conveyor, 270. 
Vegetable oils, 780. 


bucket fricti i f 

buckets Sean die ops impulse, 435-466, Amon, 423, Velocity diagrams (see name of apparatus 
470. gram, 443, 464, compound pressure, 451, Harrisburgh, 424, in question). 

carbon packings for, 461 compound velocity, 447, Monta, 421, Venturi meter, 821. 

classification of 430. j design of multi-stage, 464, Murray, 422, Vertical tubular boilers, 115. 

‘ Universal, 421, Viscosity of oils, 792. 


compound cylinder, 472. 
compound pressure, 454, 


design of single stage, 435, 
nozzle proportions, 438, 


Unit of evaporation, 143, 
Unita, conversion, 1010, 


Visible smoke, loss due to, 101. 
Volatile matter in coal, 27. 




















y 


: reaction, 472, 
Ve Spee gel ek Kerr, 461-463, ' amoko, 867, Volumetric efficiency, 360, 
Curtis, 454462, labyrinth packing for, 474, ———-_ Univernal calorimeter, 855. flow motors, 817. ; 
> ae low pressure, 479, . aS — Unoful life of powor plant apparatus, 878, | Volute centrifugal pump, 652, 4 
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Wall brackets, piping, 731. 

Washed coal, 51. 

' Waste-heat boilers, 134. 
gases, 64. 

Water, alkalinity of, 567. 
analysis, 559. . 
columns, 173. 
condensing, 515, 528. 
cooling systems, 549. 
flow of, in pipes, 758. 
friction coefficient in pipes, 760. 
gages, 173. 
hardness of, 563. 
measurements of, 817. 
meters, 817. 
purifying plants, 574. 


rates, prime mover (see name of ap- 


paratus). 


Water,’screens, 557. 
softening plants, 574. 
Weathering of coal, 41. 
Weighing fuel, 294. 
water, 817. i 
Weir measurements, 825. 
Welded pipe flanges, 717. 
Wet air or vacuum pumps, 661-669. 
Willans line, 377. ' 
Wind pressure, 319. 
Wing-wall furnace, 219. 


' Wire drawing, 390. 


Wood, fuel value of, 44. 
Wrought iron pipe, 707. 


Z. 
Zeolite water softener, 578. 





